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ABSTRACT
World population will pass nine billion by 2050, while the agricultural land area will
not increase dramatically in the coming decades. To meet the ever-increasing food
demand, genetically engineered crops have been rapidly adopted for crop productivity.
MicroRNAs have become increasingly attractive as targets in crop genetic modification
due to their regulatory role in fine-tuning many essential biological processes. My
research explores the potentials of microRNA528 (miR528) and miR396 for use in
genetic modifications of the important agronomic traits of plant development, abiotic
stress response, and/or flowering time control in an economically and environmentally
important perennial monocot species, creeping bentgrass (Agrostis stolonifera).
MiR528 is a conserved monocot-specific small RNA which is involved in multiple
stress responses, however, experimental functional studies are lacking. In this study, we
generated transgenic creeping bentgrass overexpressing a rice miRNA, Osa-miR528.
Transgenic plants show altered plant development and enhanced salt and nitrogen (N)
deficiency tolerance. The developmental changes include shortened internodes, increased
tillers, and relatively upright growth. Enhanced salt stress tolerance is associated with
improved water, chlorophyll, and potassium retention, cell membrane integrity, increased
proline content, CATALASE activity, and reduced ASCORBIC ACID OXIDASE
(AAO) activity; while improved N deficiency is associated with increased biomass, total
N accumulation, chlorophyll synthesis, nitrite reductase activity, and reduced AAO
activity. Molecular analysis identified AAO and COPPER ION BINDING1 as putative

ii





targets of miR528 in creeping bentgrass. Both putative targets respond to salt stress and
N deficiency.
The conserved miR396 is involved in plant vegetative and reproductive development
and various environmental stress responses through targeting Growth Regulating Factor
(GRF) transcription factor genes. In this study, we generated transgenic creeping
bentgrass overexpressing a rice miRNA, Osa-miR396c. The transgenic plants exhibit
altered development in both vegetative and reproductive growth, elimination of
vernalization requirement, and enhanced salt stress tolerance. The altered plant
development includes less shoot and root biomass, shorter internodes, smaller leaf area,
fewer leaf veins and epidermal cells, and defects in filament elongation, anther
dehiscence, and pollen viability. The enhanced salt tolerance is associated with improved
water and chlorophyll retention, cell membrane integrity, and sodium ion exclusion
during salt stress. The elimination of vernalization requirement is associated with the
regulation of key genes VRN1, VRN2, and VRN3 in the vernalization pathway. Four
putative targets AsGRF3-6 were identified in creeping bentgrass. These targets respond to
high salinity, long-day photoperiod, and prolonged cold exposure. RNA-seq analysis
shows that differentially expressed genes are involved in cell division, floral organ
development, vegetative to reproductive transition, histone modification, oxidation
reduction, environmental stress response, etc.
The study established the molecular pathways of miR528- and miR396-mediated
plant salt stress and/or N deficiency tolerance in creeping bentgrass. It provides insight
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into miRNA-mediated regulatory network in plant vegetative and reproductive
development, abiotic stress response and flowering time control.
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CHAPTER I - LITERATURE REVIEW OF NEGATIVE
REGULATORS OF MESSENGER RNA AND THE ROLE OF
MICRORNA FOR PLANT GENETIC ENGINEERING
Shuangrong Yuan and Hong Luo*
Department of Genetics and Biochemistry, Clemson University, 110 Biosystems
Research Complex, Clemson, SC 29634, USA, e-mail: hluo@clemson.edu
Published in: Genetically Modified Organisms in Food-Chapter 21, Negative Regulators
of Messenger RNA and the Role of microRNA for Plant Genetic Engineering. Watson,
R., Stevens, B. (eds), Elservier B.V., pp237- 255. Copyright (2016) Elsevier Inc.

1.1 Introduction
The world population is projected to surpass nine billion by 2050, which leads to
rising demand for crop production due to the increasing consumption of crops, meat,
diary, and biofuel. To meet the ever-increasing crop demands, global agriculture
production may need to be increased by 100%-110% (Tilman, et al., 2011), whereas the
agricultural land area is not expected to expand dramatically in the coming decades.
Scientists have suggested that improving crop productivity, rather than expanding land
area, is the most sustainable path to solve the issue (Foley, et al., 2011; Godfray, et al.,
2010; Phalan, et al., 2011; Tscharntke, et al., 2012). Since genetically engineered crops
were first commercialized 20 years ago, they have been rapidly adopted to improve crop
yield. Globally, the land area for genetically engineered crops, mostly insect resistance or
herbicide tolerance, has increased significantly from 1.7 million to over 175 million
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hectares within 17 years (Clive, 2013; Privalle, et al., 2012). Currently, researchers and
technology developers focus on a variety of crop traits, including enhanced tolerance to
biotic and abiotic stresses, increased crop production, and improved nutritional
composition (Wang, et al., 2003; Knauf, 1987; Lucca, et al., 2006). Genetically
engineered crops with combined agronomic traits mentioned above are desirable, due to
multiple stressors in the field where plants grow. Recently, negative regulators of
messenger RNA (mRNA), especially microRNA (miRNA)-based genetic modifications,
have emerged as an attractive technology for developing new crop cultivars with
increased yields because miRNAs are involved in many key biological processes
including response to environmental stimuli, defense against invading pathogens and
plant development (Sun, 2012; Zhou and Luo, 2014; Pattanaik, et al., 2014; Seo, et al.,
2013). In this chapter, I review the biogenesis and mechanisms of negative regulators of
mRNA, which are two different classes of non-coding RNAs, encompassing miRNAs
and small interfering RNAs (siRNAs). In addition, I highlight the most recent progress on
miRNAs and miRNA-based gene silencing strategies in plant genetic modification.

1.2 Biogenesis and mechanisms of negative regulators of mRNA
In the early 1990s, the phenomenon of RNA silencing, which was known as cosuppression or posttranscriptional gene silencing, was discovered in plants (Napoli, et al.,
1990; van der Krol, et al., 1990). By the end of the decade, more and more discoveries
from diverse eukaryotic models linked small RNAs to gene silencing and collectively
pointed that RNA silencing is an evolutionarily conserved mechanism (Fire, et al., 1998;

2





Hamilton and Baulcombe, 1999; Zamore, et al., 2000; Cogoni and Macino, 2000). A
decade after the discovery of RNA silencing, distinct classes of endogenous small RNAs
have been identified based on their different origins, which mainly include miRNAs and
siRNAs (Chapman and Carrington, 2007; Llave, et al., 2002). Since then, a small RNA
world has been gradually explored through understanding the depth and complexity of
the regulatory role of these small RNAs. In this section, we will introduce the biogenesis
and mode of actions of miRNAs and siRNAs in plants (Figure 1.1).

Figure 1.1 Biogenesis and mechanisms of negative regulators of mRNA in plants. A. MiRNA biogenesis

and miRNA-mediated transcriptional cleavage and translational inhibition. B. Ta-siRNA biogenesis and tasiRNA-mediated transcriptional cleavage. C. Nat-siRNA biogenesis and nat-siRNA-mediated cleavage of
constitutively expressed transcript. D. A pathway of lsiRNA biogenesis and lsiRNA-directed mRNA
degradation of stress negative regulator.
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1.2.1 Biogenesis and mechanisms of miRNA
MiRNAs are regulatory small RNAs with the length of predominately 21 nt. They
are transcribed from endogenous MIRNA loci to generate primary miRNAs (pri-miRNAs)
by the help of Polymerase II (Kurihara and Watanabe, 2004; Aukerman and Sakai, 2003;
Xie, et al., 2005). Then pri-miRNAs fold back to form hairpin-like structures and are
processed into precursor miRNAs (pre-miRNAs). This process requires the nuclear capbinding complex (CBC) and a C2H2-type zinc finger domain-containing protein SE to
facilitate pri-miRNA biogenesis (Gregory, et al., 2008; Laubinger, et al., 2008; Grigg, et
al., 2005; Lobbes, et al., 2006; Yang, et al., 2006); a forkhead-associated domaincontaining protein DDL and a double-strand RNA-binding protein HYL1 to stabilize the
foldback structure (Morris, et al., 2006; Vazquez, et al., 2004; Han, et al., 2004); and
ultimately, another double-strand RNA-binding protein DCL1 to catalyze the excision of
pri-miRNA to pre-miRNA (Kurihara, et al., 2006). Further, DCL1 processes pre-miRNA
into approximately 21 nt miRNA/miRNA* double-strand duplex, to which is then added a
methyl group at 3' terminal ribose by a small RNA methyltransferase HEN1 to protect
miRNA from alternative end modification (Park, et al., 2002; Yang, et al., 2006). Next,
the double-strand duplex is exported to the cytoplasm via the plant ortholog of exportin 5,
HASTY (Bollman, et al., 2003). Finally, one functional miRNA strand of the duplex
(either miRNA, miRNA*, or both) will be incorporated into the RNA induced silencing
complex (RISC) to exert its function of post-transcriptional cleavage and/or translational
inhibition (Brodersen, et al., 2008; Li, et al., 2013).
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1.2.2 Biogenesis and mechanisms of siRNA
In contrast to miRNAs, which are derived from single transcripts with hairpin-shaped
precursors, siRNAs are produced from the double-stranded RNA (dsRNA) duplexes
(Voinnet, 2009). In addition, miRNAs regulate gene expression at post-transcriptional
levels, whereas siRNAs act transcriptionally or post-transcriptionally through histone
modification, DNA methylation, or mRNA degradation (Sunkar, et al., 2006; Sunkar and
Zhu, 2007; Vaucheret, 2006; Baulcombe, 2004; Almeida and Allshire, 2005; Allshire,
2002). Since this chapter focuses on a negative regulator of mRNAs, we will discuss the
classes of siRNAs which result in post-transcriptional gene silencing, including transacting siRNA (ta-siRNA), natural anti-sense siRNA (nat-siRNA), and long siRNA
(lsiRNA).
The ta-siRNA precursor is transcribed from endogenous TAS loci and processed
through ARGONAUTE (AGO) directed miRNA-guided cleavage. The single-stranded
ta-siRNA precursor transcript is then processed in a dsRNA by RNA Dependent RNA
Polymerase 6 (RdRP 6) and Suppressor of Gene Silencing 3 (SGS3), followed by further
processing to generate phased 21-nt ta-siRNA duplexes by a member from the DCL
family. Then one strand of the ta-siRNA duplex combines with AGO to trigger cleavage
of the target RNAs due to the perfect sequence complementarity (Allen, et al., 2005;
Gasciolli, et al., 2005).
Plant nat-siRNA is derived from a pair of convergently transcribed RNAs, which
contain a constitutively expressed RNA and an environmental stress-induced RNA
(Katiyar-Agarwal, et al., 2006; Borsani, et al., 2005). The overlapping region between the
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sense transcript and the natural antisense transcript generate 21- to 24-nt nat-siRNA by
the processing of DCL2 and/or DCL1, RdRP 6, SGS3 and Pol IV (Katiyar-Agarwal, et
al., 2007; Katiyar-Agarwal, et al., 2006; Borsani, et al., 2005; Zhang and Trudeau, 2008).
Then nat-siRNA triggers the cleavage of constitutively expressed sense transcript during
environmental stresses.
In addition to nat-siRNA, another class of endogenous siRNA is lsiRNA, which is
also derived from a convergently transcribed RNA pair and is stress-induced. During
pathogen infection, lsiRNAs are produced as a defense mechanism to protect plant
against the infection. Different from other siRNAs, lsiRNAs are 30 to 40-nt long
(Katiyar-Agarwal, et al., 2007). Their biogenesis requires the involvement of DCL1,
HYL1, HEN1 and AGO7, RDRP6, and Pol IV (Katiyar-Agarwal, et al., 2007). It has
been proposed that lsiRNA destabilizes its targets through decapping and mRNA
degradation (Katiyar-Agarwal, et al., 2007).

1.3 Roles of miRNA in plant genetic modification
The first miRNA lin-4, which controls the early developmental change through
negatively regulation of the protein LIN-14, was discovered in Caenorhabditis elegans in
1993 (Lee, et al., 1993). Eight years later, many miRNAs were identified in both
invertebrate and vertebrate species besides Caenorhabditis elegans (Lagos-Quintana, et
al., 2001; Lau, et al., 2001; Lee and Ambros, 2001). Since then, miRNA-mediated posttranscriptional regulation has been recognized as a general mechanism. The discoveries
prompted the identification of more miRNAs in various species. In the following year,
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miRNAs were identified in distinct plant species, which includes rice and Arabidopsis
(Llave, et al., 2002; Mallory, et al., 2002; Marker, et al., 2002; Reinhart, et al., 2002).
Their important roles in plant morphology and development have also been unraveled
(Reinhart, et al., 2002). Over the last decade, miRNAs have been attracting increased
attention. MiRNA characterization indicates that it is an important regulatory element in
various biological processes of plants, including plant growth, development, phase
change, environmental stress response, and defense (Jones-Rhoades, et al., 2006; Chuck,
et al., 2009; Liu and Chen, 2009; Chen, et al., 2004; Sunkar, et al., 2006). These
regulatory miRNAs stimulate the idea of applying miRNA-based genetic modification
technology for crop improvement. In this section, we summarize the most recent progress
of plant trait modification with miRNA-mediated genetic engineering approaches (Table
1.1).
1.3.1 MiRNA-mediated plant organ development for plant genetic engineering
Increasing evidences shows that miRNAs regulate leaf and shoot development, root
architecture, flower development, and vegetative to reproductive transition. All of these
plant traits are critical for improving plant growth, and thereby contribute to increased
plant biomass and yield. Here, we discuss each specific target trait in plant genetic
modification (Figure 1.2).
1.3.1.1 Leaf development
Plant leaves convert light energy into chemical energy through photosynthesis, and
can later provide the basis for plants growth and form the plant biomass. To improve crop
yields and protect plant from environmental stressors which impair the photosynthetic
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efficiency, it is important to understand the regulatory network during leaf growth and
development, due to a complex interplay of multiple pathways (Kalve, et al., 2014). In
Arabidopsis, overexpressing miR396 or reducing transcript levels of its targets,
GROWTH-REGULATING FACTORS (GRFs), results in reduced leaf size (Kim and
Kende, 2004; Kim, et al., 2003a; Liu, et al., 2009b). Conversely, overexpression of GRFs
generates bigger leaves (Rodriguez, et al., 2010; Gonzalez, et al., 2010; Liang, et al.,
2014). Recent findings suggest that GRF proteins work coordinately with GRFinteracting factors and chromatin-remodeling complexes to regulate leaf size
(Debernardi, et al., 2014). High levels of miR319 leads to crinkled leaves in Arabidopsis
(Efroni, et al., 2008; Koyama, et al., 2007; Palatnik, et al., 2003), while wider and thicker
leaves in creeping bentgrass (Zhou, et al., 2013b). MiR319 controls leaf development
through modulating its target TCP4, which is a negative regulator of cell proliferation in
G2-M phase of the cell cycle (Schommer, et al., 2014). Additional analysis shows that
TCP4 regulates cell proliferation through activating different pathways, including a direct
regulation on miR396b and the interaction between TCP4 and ICK1/KRP1, a gene in the
progression of cell cycle (Schommer, et al., 2014). Therefore, controlling miRNA
expression in leaf development will generate plants with enlarged leaf area, and
positively contribute to the increased plant biomass, especially when only harvesting the
vegetative parts of plants for vegetables, forage crops, and biofuel crops.
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Table 1.1 MiRNA/target module modification for improved agronomic traits.
MiRNA

Target(s)

Plant
species
Arabidopsis

Agronomic
trait
Biomass

MiR396

GRF5

MiR156

SPLs

MiR156

Biomass

SPLs

Arabidopsis
Rice
Maize
Switchgrass
Arabidopsis

MiR171

LOMs

Arabidopsis

MiR156

SPL14
SPL16

Rice

Grain yield

MiR397

LAC

Rice

Grain yield

MiR408

plantacyanin

Chickpea

MiR394

LCR

Arabidopsis

Drought
tolerance
Drought
tolerance

MiR394

LCR

Arabidopsis

Salt tolerance

MiR319

TCPs

Rice

Cold
tolerance

MiR398

CSD1
CSD2
CCS
SULTR2;1
APS1
APS3
APS4
RPS5

Arabidopsis

Heat tolerance

Rapeseed

Cadmium
tolerance

Overexpression
miR395

of

Zhang et al., 2013a

Arabidopsis

miR472
loss
function mutant

of

Boccara et al., 2014

MDHAR

Wheat

Resistant to P.
syringae pv
tomato
DC3000
Resistant to
wheat stripe
rust

MiR395

MiR472

MiRNA
PN2013

Trichome
development
Trichome
development

9


Modification
strategy
Overexpression
GRF5
Overexpression
miR156

Reference(s)
of

Gonzalez et al., 2010

of

of

Schwab et al., 2005;
Chuck et al., 2007; Fu
et al., 2012; Xie et al.,
2012
Yu et al., 2010

of

Xue et al., 2014

of

Miura et al., 2010
Wang eta l., 2012a

Overexpression
of
miR397
Overexpression
of
miR408
Overexpression
of
miR394 or knockout
LCR
Overexpression
of
LCR
Overexpression
of
miR319
or
knockdown TCPs
Knockdown
CSD1,
CSD2, or CCS

Zhang et al. 2013b

Overexpression
miR156
Overexpression
miR171-resistant
LOM
Overexpression
SPL14 or SPL16

Knockdown
TaMDHAR

Hajyzadeh et al., 2015
Palatnik et al., 2003
Palatnik et al., 2003
Yang et al., 2013b
Wang et al,. 2014b
Guan et al., 2013

Feng et al., 2014




Figure 1.2 Summary of miRNA-target pairs-mediated plant organ development including both vegetative
and reproductive stages.

1.3.1.2 Shoot development
Besides increased leaf size, another approach for high crop yield is the regulation of
apical dominance to generate more shoots or leaves. MiR156 is involved in various
aspects of plant development through regulating its targets SQUAMOSA PROMOTER
BINDING PROTEIN LIKE (SPL) genes. SPLs are transcription factors, which control
various developmental processes, including leaf and shoot development, phase change,
and flowering time. Overexpression of miR156 reduces apical dominance and increases
leaf amount and biomass in Arabidopsis (Schwab, et al., 2005). Similar results are also
observed in transgenic rice, maize and switchgrass (Xie, et al., 2012; Fu, et al., 2012;
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Chuck, et al., 2007). Transgenic switchgrass overexpressing pre-miR156 results in
diverse phenotypes depending on the abundance of mature miR156. The plants with
relatively low miR156 levels show moderately increased tiller numbers and biomass
accumulation. As the amount of miR156 increases, transgenic plants display significantly
more tillers and biomass yield, but a reduction in plant height. With the highest levels of
miR156, transgenic plants exhibit severe dwarfism, increased tiller number, but reduced
biomass yield (Fu, et al., 2012). The study suggests that miR156 breaks apical dominance
and regulates tiller number in a dose-dependent manner. It is promising to adopt miR156based genetic engineering strategy for improving plant biomass yield.
1.3.1.3 Trichome development
Trichomes are epidermal protuberances located on aerial parts of plant, that protect
plant from excess transpiration, high temperature, radiation, UV light, and herbivore
attack (Wagner, et al., 2004). Previous studies demonstrate that transcription factors
R2R3 MYB, WD40 repeat protein, basic helix-loop-helix protein, and C2H2 zinc finger
protein, and some phytohormones regulate trichome development (Serna and Martin,
2006; Ishida, et al., 2008; Yang and Ye, 2013; Wang and Chen, 2014). Recently, miR156
has been suggested to control the trichome development on stem and floral organ by
modulating the expression of its SPL targets (Yu, et al., 2010). SPL9, one member of
SPLs, directly promotes the transcription of TCL1 and TRY, which are negative regulators
of trichome development, therefore leading to fewer trichomes (Yu, et al., 2010).
Consistent with this, constitutive expression of miR156 results in ectopic trichomes on
the stem and floral organs, while overexpressing miR156-resistant forms of SPLs leads to
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a reduction in trichome density. Overexpressing miR171 leads to fewer trichomes on
stems and floral organs and further investigation uncovers interplay between miR156's
targets SPLs and miR171's targets LOMs (Xue, et al., 2014). These findings highlight the
complexity of the regulatory network that controls trichome development.
1.3.1.4 Root development
Roots are an indispensable organ for plant life because they anchor the plant in soil,
and absorb water and nutrition for plant growth under both favorable and stress
conditions. To better adapt to water or nutrient availability, plant root systems have great
architectural plasticity through adjusting the length and amount of the lateral roots
(Malamy, 2005; van der Weele, et al., 2000; Xiong, et al., 2006; Gruber, et al., 2013).
During this process, the phytohormone auxin is essential in facilitating the lateral root
initiation and elongation (Casimiro, et al., 2003; Perez-Torres, et al., 2008). In contrast,
abscisic acid (ABA) functions in the opposite way, inhibiting the generation of lateral
roots (Xiong, et al., 2006; Deak and Malamy, 2005; De Smet, et al., 2003). Recent
findings indicate that miRNAs play pivotal roles in root development modulation.
MiR393 is a conserved miRNA in many plant species. In Arabidopsis, miR393 has four
validated targets, TRANSPORT INHIBITOR RESPONSE 1 (TIR1), AUXIN SIGNALING
F-BOX 1 (AFB1), AFB2, and AFB3, which are auxin receptors (Jones-Rhoades and
Bartel, 2004; Navarro, et al., 2006; Parry, et al., 2009). Constitutive expression of
miR393 or its resistant targets leads to altered auxin responses in plant developmental
processes (Chen, et al., 2011; Xia, et al., 2012). Recently, miR393 has been shown to
regulate root architecture during nitrate responses through regulating its targets (Vidal, et
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al., 2010). Another study indicates that the miR393/target module is involved in response
to osmotic stress through repressing lateral root growth (Chen, et al., 2012). It is also
proposed that miR393-mediated auxin signaling regulates root adaptation to drought
stress (Chen, et al., 2012). In rice, miR393 has two targets, OsTIR1 and OsAFB2, which
are two orthologs of Arabidopsis TIR1. Transgenic rice overexpressing miR393 display
altered primary and crown root growth through modulating auxin signal transduction,
suggesting the conserved mechanisms of miR393-mediated regulation of root
development (Bian, et al., 2012). In addition to miR393, miR164 also controls the lateral
root density via regulating auxin signal pathway in Arabidopsis and maize (Li, et al.,
2012b; Xie, et al., 2000). NAC1, the target of miR164, is a transcription factor gene that
modulates auxin signaling to control the lateral root growth (Xie, et al., 2000). The role
of phytohormone auxin in root development has been well studied for a long time.
Recently identified miRNAs regulate plant root development through auxin signaling
pathway. In addition to the miRNAs mentioned above, miR160, miR167, and miR390
also mediate root development via regulating auxin signal and their auxin receptor targets
(Meng, et al., 2010). These studies suggest that regulating the levels of miRNAs in root
development will benefit water and nutrient uptake, enhance plant resistance under stress
conditions, and further improve plant growth and biomass.
1.3.1.5 Flower time and development
Flowering is a crucial phase to determine the plant reproduction success. Optimal
flowering time provides favorable environmental conditions for seed development.
Decades of physiological studies reveal that plant vegetative to reproductive transition
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requires both environmental and endogenous cues. Environmental cues include
temperature and photoperiod, while endogenous cues encompass autonomous promotion
(independent of photoperiod), gibberellins, age, and carbohydrate availability (Kim, et
al., 2009a; Wang, 2014; Albani and Coupland, 2010; Wahl, et al., 2013). The multiple
flowering pathways are integrated to activate floral integrator and meristem identity
genes initiating the transition from vegetative to reproductive growth. In temperate
regions, many plant species, including both dicots and monocots, require the
environmental cue of prolonged low temperature, also known as vernalization, to
stimulate flowering. In fact, the actual flowering response requires another environmental
cue of long daylength, which acts following vernalization. Together, they ensure plants
flower in spring. Vernalization pathways have been proposed in both Arabidopsis and
some crop species. In Arabidopsis, FLOWERING LOCUS C (FLC) is a strong floral
repressor, which is epigenetically silenced by vernalization to trigger flowering (Bastow,
et al., 2004). It also has been shown that DCL1 and DCL3 function redundantly to
promote flowering by repressing FLC in Arabidopsis (Schmitz, et al., 2007), which
suggests that miRNAs might be involved in plant vernalization pathway since DCL1 is
responsible for miRNA biogenesis and subject to negative feedback regulation via
miR162 (Kurihara and Watanabe, 2004; Xie, et al., 2003). Recently, a newly identified
pathway integrating age and vernalization cues is mediated by the abundance of miR172
and miR156 (Zhou, et al., 2013a). Both miR172 and miR156 are temporally regulated.
Levels of miR156 are high in seedlings and decrease significantly with time, while the
levels of its target SPLs increase in adult phase, resulting in the activation of miR172, and
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thereby inhibiting the expression of AP2-like targets to release the repression on floral
integrator SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1). In the study by
Zhou et al., the polycarpic perennial species C. flexuosa does not respond to prolonged
cold treatment until the plant is five week old. Overexpression of miR156 causes a
prolonged juvenile phase, and prevents flowering in response to cold treatment.
Conversely, low abundance of miR156 or AP2-like gene accelerates the transition to
flower in response to vernalization. At the same time, another independent study also
indicates that miR156 and miR172 play important roles in the age-dependent
vernalization pathway in A. alpine (Bergonzi, et al., 2013). The advantage of the
recruitment of age signals in response to winter cold or other cues is to ensure the full
development of vegetative shoots and sufficient biomass.
Flower development consists of three phases, which include vegetative to
reproductive transition, floral formation, and floral organ development. In addition to the
floral transition phase, miRNAs are also implicated in floral formation and floral organ
development. Luo et al. reviewed conserved miRNAs and their targets in the regulation
of gene expression during flower development (Luo, et al., 2013). In the phase of floral
organ formation, miR172 controls the inner floral whorl patterning in Arabidopsis, while
it regulates lodicules development in rice and barley by targeting AP2 gene. MiR164 is
involved in sepal and petal boundary development, and carpel fusion through restricting
its targets, the NO APICAL MERISTEM-related genes. In the phase of floral organ
development, regulatory roles of miR159, miR160, miR166/165, miR167, miR169, and
miR319 are discussed in the review (Luo, et al., 2013). In addition, several recent studies
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show that miR396 plays important role in floral organ formation and development.
Transgenic tobacco overexpressing Populus trichocarpa miR396c results in altered
specification of floral organ type. The third and fourth floral whorls develop into
stigmatoid anthers and fasciated styles, respectively (Baucher, et al., 2013). In
Arabidopsis, miR396 controls carpel number and pistil development via regulating its
GRF targets, which are highly expressed in developing pistils (Liang, et al., 2014). In
rice, miR396d and its GRF targets are reported to function in floral organogenesis
through regulating OsJMJ706 and OsCR4. Transgenic rice overexpressing miR396d
leads to open husks and long lemmas, which largely impact grain yields (Liu, et al.,
2014).
1.3.1.6 Fruit ripening
Fruit ripening softens fruit tissues to promote seed dispersal. Additionally, fruit traits
including color, size, texture, flavor, and mature time impact the interest and use of fruits
by humans. Ripening is a complex and highly coordinated process which requires the
involvement of hundreds to thousands of genes. Fruit traits are frequent targets for
modifications in physiological and molecular studies. Tomato, the important horticultural
crop, is the most studied model for fruit development and ripening. Through
identification and characterization of ripening-associated mutants in tomato, many
transcription factor genes are found in the regulation of fruit ripening, such as RIPENING
INHIBITOR (RIN), COLOURLESS NONRIPENING (CNR), NONRIPENING (NOR),
APETALA2a (AP2a), and FRUITFULL 1 (FUL1) (Vrebalov, et al., 2002; Tigchelaar, et

16





al., 1973; Manning, et al., 2006; Karlova, et al., 2011; Chung, et al., 2010; Bemer, et al.,
2012).
Many genes encoding transcription factors are targets of miRNAs. MiRNA-target
pairs in tomato fruit are identified through degradome sequencing (Karlova, et al., 2013).
The result shows that 56 mRNAs encoding for transcription factors among the total of
119 miRNA-mRNA target pairs, such as miR156/157-CNR and miR172-AP2a pairs,
indicating the importance of miRNAs in fruit development (Karlova, et al., 2013). Later,
Chen et al. experimentally confirmed that miR156 and miR157 were involved in
modulating tomato ripening and softening through targeting CRN (Chen, et al., 2015).
High abundance of miR157 leads to delayed ripening. Instead of affecting the onset of
ripening, miR156 controls fruit softening (Chen, et al., 2015).
As post-transcriptional regulators, miRNAs are also regulated by transcription factors
at transcriptional level through regulating the genes that encode miRNAs (Baek, et al.,
2013; Yant, et al., 2010). A recent study shows that RIN, a vital transcription factor,
which directly targets ripening-related transcription factors, also regulates miR172a
through directly binding of its promoter region (Gao, et al., 2014). MiR172 is involved in
fruit ripening via repressing the important fruit ripening regulator AP2a. The
identification of RIN-miR172 regulation adds another layer of regulation in miRNAmediated tomato fruit ripening.
1.3.1.7 Seed development
Seed development is a major focus of crop breeders, since it is directly associated
with grain yield. Emerging evidence shows that miRNAs act as important regulators of
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seed development. Small RNA high-throughput sequencing analysis shows the increasing
expression of the most known miRNAs as rice grain filling goes on (Peng, et al., 2013).
Recent deep sequencing analysis compared the differential expression of miRNAs in rice
superior and inferior spikelets (Peng, et al., 2014). In general, superior spikelets had
faster grain-filling during seed development and produced high quality seeds compared to
inferior spikelets. The result indicates that among differentially expressed miRNAs, most
of them with higher expression levels are associated with the superior instead of the
inferior spikelets during grain filling (Peng, et al., 2014).
Besides, studies of certain specific miRNAs also suggest a high correlation with seed
development. Overexpression of miR167 leads to reduced tiller number, spikelet number,
and grain filling rate through targeting ARF (Liu, et al., 2012). A proposed regulatory
model of miR167 in rice grain filling shows that the grain filling rate is positively
regulated by auxin content, which is positively correlated with ARF , the target of
miR167 (Xue, et al., 2009). In addition, overexpression of miR393 or miR172 results in
reduced seed weight (Zhu, et al., 2009; Bian, et al., 2012). OsSPL14 and OsSPL16, the
two targets of miR156, positively regulate grain yield in rice (Miura, et al., 2010; Wang,
et al., 2012a). MiR397 is the first experimentally confirmed positive regulator of miRNA
in seed size and grain yield (Zhang, et al., 2013b). OsmiR397, which is highly expressed
in rice young panicles and grains, increases grain yield via repressing its target OsLAC, a
gene encoding L-ascobate oxidases (Zhang, et al., 2013b). A similar role of miR397 is
also observed in transgenic Arabidopsis overexpressing miR397, which includes
increased inflorescence shoots, silique number and length, seed numbers, and seed size
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(Wang, et al., 2014a). Due to the conserved regulatory mechanism of miR397 in
controlling grain yield through targeting laccase genes in both monocot and dicot species,
there is potential to facilitate genetic engineering of other crop species with greater grain
yield.
1.3.2 MiRNA-mediated plant response to abiotic stress for plant genetic engineering
As sessile organisms, plants cannot escape from environmental stimuli, such as water
stress, high soil salinity, extreme temperature, light stress, oxidative stress, nutrition
limitation, and heavy metal stress. The on-going change in climate conditions and everincreasing world population exaggerate water scarcity, temperature rise, as well as
increase water, soil, and air pollution. To adapt, survive, and reproduce under these
unfavorable environmental conditions, plants have evolved a multitude of abiotic stress
responses, including physiological and molecular processes. Understanding the molecular
mechanisms in plant response to abiotic stress is important to develop stress-tolerant
crops with genetic engineering technologies. Currently, many downstream functional
proteins and upstream regulatory proteins, which are involved in plant abiotic stress
responses, have been characterized, but understanding the regulatory mechanisms in plant
response to abiotic stress remains elusive. Additionally, increasing evidence suggests that
miRNAs serve as important post-transcriptional regulators in plant response to various
environmental stresses, which add a layer of complexity to the regulatory networks. In
this section, we summarize the most recent progress of genetically engineered plants with
enhanced stress tolerance via modification of miRNA-target nodes and promising
transformative tools to adapt crops to abiotic stress (Figure 1.3).
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1.3.2.1 Drought stress
MiR408 is an evolutionarily conserved miRNA regulated by dehydration and
mechanical stresses (Kantar, et al., 2010; Lu, et al., 2005). A recent study in chickpea
experimentally confirms its role in plant response to dehydration (Hajyzadeh, et al.,
2015). Overexpression of miR408 results in enhanced drought stress tolerance via direct
regulation of its target plantacyanin, a copper ion binding protein (Hajyzadeh, et al.,
2015), which suggests an improved capability in maintaining copper homeostasis in
response to drought stress. In addition, the expression levels of drought responsive genes
DREB1A, DREB2A, RD17, RD29A, and RD22 are induced in transgenic chickpea
overexpressing miR408 in comparison with the vector control plants during drought
stress conditions. The result indicates a crosstalk between miR408 and other drought
responsive elements and they might act coordinately for enhanced drought stress
tolerance. Besides enhanced drought tolerance, transgenic chickpea overexpressing
miR408 also leads to a pleiotropic effect of a dwarf phenotype. The result indicates that
there must be other targets of miR408, which acts as a growth rate regulator. In the
process of crop genetic engineering, it is critical to avoid the pleiotropic effect of
miRNAs by detecting and modulating the specific target genes with desirable agronomic
traits.
The role of miR164 has been well studied in the regulation of plant growth and
development through regulating five NAC transcription factor genes CUC1, CUC2,
NAC1, At5g07680, and At5g61430 in Arabidopsis (Rhoades, et al., 2002; Laufs, et al.,
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2004; Mallory, et al., 2004; Guo, et al., 2005; Kim, et al., 2009b). Several studies show
that miR164 is also involved in plant response to abiotic stress, but the underlying
molecular mechanism is not well understood until the recent characterization of Oryza
miR164-targeted NAC (OMTN) genes (Fang, et al., 2014). Transgenic rice
overexpressing OMTN2, OMTN3, OMTN4, or OMTN6 exhibit increased drought
sensitivity in the reproductive stage, which is associated with the reduced relative spikelet
fertility (Fang, et al., 2014). Further genomic expression profile analysis suggests that
overexpression of miR164 targets OMTNs causes the reduction of many regulatory and
functional genes in response to drought stress (Fang, et al., 2014). The study establishes
the connection between miR164 and abiotic stress response. It also provides the
possibility of manipulating OMTNs for enhanced drought tolerance in rice and other crop
species.
1.3.2.2 Salt stress
MiR394 is involved in plant abiotic stress response via silencing its target gene LEAF
CURLING RESPONSIVENESS (LCR). Transgenic Arabidopsis constitutively expressing
miR394 and LCR loss of function mutant (lcr) plants are sensitive to salinity, whereas
overexpression of LCR result in enhanced salt tolerance compared to wild type controls
(Palatnik, et al., 2003). Interestingly, miR394 overexpression plants and lcr mutants are
resistant to drought stress, whereas transgenic plants overexpressing LCR are
supersensitive to drought stress (Palatnik, et al., 2003). In addition, miR394 positively
regulates ABA- and stress- responsive genes ABI3, ABI4, ABI5, ABF3, ABF4, RD29A,
KIN1, and RD22. It is well known that plants adopt the similar strategies of osmotic
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adjustment in response to drought and salt stresses. The distinct mechanisms in response
to drought and salt stress are proposed to be regulated by a functional balance of miR394LCR pairs. It is also plausible that miR394 regulates other direct or indirect targets which
are involved in the salinity-specific adjustments of salt compartmentalization and
excretion against ionic disequilibrium. Further investigation of the miR394-mediated
molecular mechanisms is necessary when applying the strategy of manipulating mi394 or
its targets for specific trait.
1.3.2.3 Cold stress
MiR319

is

a

conserved

miRNA,

which

targets

TEOSINTE

BRANCHED/CYCLOIDEA/PCF (TCP) transcription factor genes (Palatnik, et al., 2007;
Koyama, et al., 2007; Ori, et al., 2007; Koyama, et al., 2010; Schommer, et al., 2008;
Schwab, et al., 2005) Koyama et al., 2010). It has been shown to be involved in cold
stress response in Arabidopsis, rice, and sugarcane (Liu, et al., 2008; Zhou, et al., 2010;
Thiebaut, et al., 2012). Recent studies illustrate that overexpression of miR319b leads to
enhanced cold stress tolerance in transgenic rice through directly repressing its targets
OsPCF5, OsPCF8, OsPCF6, and OsTCP21 (Yang, et al., 2013; Wang, et al., 2014b). In
addition, RNAi transgenic plants with down-regulation of OsPCF5, OsPCF8, OsPCF6,
or OsTCP21 show enhanced cold tolerance; while overexpression of OsPCF6 or
OsTCP21 significantly decreases plant cold resistance partially due to their negative
regulation in ROS generation or scavenging (Wang, et al., 2014b; Yang, et al., 2013).
Besides the direct targets of miR319, it also positively regulates the expression of coldresponsive genes, including DREB1A/B/C, DREB2A, and TPP1/2, which contribute to the
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enhanced cold tolerance as well (Wang, et al., 2014b). It is likely that miR319-mediated
cold tolerance requires coordinated regulation of multiple cold-responsive pathways.
1.3.2.4 Heat stress
MiR159 is a conserved plant miRNA that regulates the cleavage of GAMYB
genes. In wheat, TaGAMYB1 and TaGAMYB2 are identified as targets of miR159 (Wang,
et al., 2012b). Wheat TamiR159 has been reported to be down-regulated during heat
stress (Wang, et al., 2012b). In addition, transgenic rice overexpressing TamiR159 is
more sensitive to heat (Wang, et al., 2012b). In Arabidopsis, its targets are the GAMYBlike genes AtMYB33 and AtMYB65, which are functionally redundant. Arabidopsis
myb33mby65 double mutants show sensitivity to heat stress (Wang, et al., 2012b). The
results indicate that the miR159/GAMYB module might participate in a heat-related
pathway. Interestingly, overexpression of TaGAMYB1 does not show improved heat
stress tolerance (Wang, et al., 2012b). It is plausible that constitutive expression of
TaGAMYB1 induce other factors that override the effects of heat tolerance. In addition,
identification and characterization of other targets of TamiR159 in response to heat stress
would provide better understanding of miR159-mediated heat tolerance.
MiR398 is rapidly induced under heat stress, while its targets CSD1, CSD2, and CCS
are reduced in response to heat in Arabidopsis (Guan, et al., 2013). Mutant plants csd1,
csd2, and ccs exhibit enhanced heat tolerance compared to wild type controls (Guan, et
al., 2013). In addition, constitutive expression of the miR398-resistant form CSD2 results
in enhanced sensitivity to heat compared to the plants overexpressing normal CSD2,
which is associated with reduced levels of heat stress transcription factors and heat shock
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proteins (Lu, et al., 2013). Considering that miR398 and its targets are highly conserved
across various plant species, manipulating miR398-targeted CSD2 might be a viable
strategy for breeding heat-tolerant crops.

Figure 1.3 Summary of modifications of miRNA-target pairs with enhanced abiotic stress resistance.
Negative regulators (miRNAs or target mRNAs) in response to abiotic stress are labeled with gray
background; positive regulators in response to abiotic stress are bordered.

1.3.2.5 UV-B radiation
Plant exposure to UV-B radiation causes inhibition in cell proliferation or/and cell
expansion (Kakani, et al., 2003; Hectors, et al., 2007; Wargent, et al., 2009; Robson and
Aphalo, 2012). It is known that miR396 controls leaf cell proliferation and expansion via
regulating GRFs in leaf primordia. A recent study demonstrated the role of
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miR396/GRFs module in UV-B-mediated leaf growth inhibition in Arabidopsis
(Casadevall, et al., 2013). The study illustrates that UV-B radiation induces the
expression of miR396, while it reduces transcripts of GRF1, GRF2, and GRF3 in
proliferating tissues (Casadevall, et al., 2013). Further analysis indicates that the
induction of miR396 is mediated by mitogen-activated protein kinase 3, which is
activated by UV-B radiation. Transgenic plants expressing reduced endogenous miR396
through artificial target or expressing miR396-resistant GRFs display reduced sensitivity
to UV-B-mediated growth inhibition (Casadevall, et al., 2013). The results suggest that
modulating the levels of miR396 or GRFs can be applied in crop species for enhanced
UV-B radiation tolerance, contributing to improved crop yields.
1.3.2.6 Heavy metal stress
Plants require essential metals such as iron, copper, zinc, and manganese as nutrients,
and components for various enzyme and protein reactions. However, overload of these
essential components or uptake of non-essential toxic metals such as cadmium (Cd), lead,
and mercury result in detrimental effects for plants. To minimize the heavy metal stress,
the first step is to dissect the toxic metal-responsive genes and the regulation pathways.
Increasing evidence shows that miRNAs and their targets are involved in heavy metal
stress response. Yang et al. reviewed the recent advances in the identification of miRNAs
and their targets and defined their potential roles in plant tolerance to heavy metals
(Yang, 2013).
A recent study shows that genetically engineered rapeseed (Brassica napus) with
modified miR395 displays enhanced Cd stress tolerance (Zhang, et al., 2013a). Cd
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contamination becomes a severe environmental stress worldwide due to its significant
release via anthropogenic activities. Accumulation of Cd in plants disrupts the enzyme
activity, represses cell division and root growth, and consequently affects crop production
and human health via the food chain (Chaney, et al., 1999; Clemens, 2006; Chen, et al.,
2009). MiR395 is a conserved miRNA that regulates plant sulfate assimilation and
distribution through regulating sulfate transporter gene SULTR2;1 and ATP sulphurylases
genes APS1, APS3, and APS4 (Kawashima, et al., 2009; Liang, et al., 2010). In rapeseed,
miR395 is induced under Cd stress (Zhang, et al., 2013a). Transgenic rapeseed
overexpressing miR395 shows reduced oxidative stress damage, and increased
chlorophyll and glutathione contents in comparison with wild type controls (Zhang, et al.,
2013a). Under Cd stress, transgenics accumulate more sulfur, Cd and biomass than wild
type controls, but exhibit repressed Cd translocation in plants. Further molecular analysis
reveals that miR395 positively regulates the metal-tolerance genes BnPCS1, BnHO1 and
Sultr1;1 (Zhang, et al., 2013a). A previous study proposed one mechanism for plant
tolerance to Cd, which is metal-chelating through the interaction between Cd and sulfurcontaining compounds (Khan, et al., 2008). In addition, some sulfate transporters are
regulated by heavy metals (Xue Mei, et al., 2007; Huang, et al., 2010). Therefore, it is
plausible that miR395-mediated sulfate assimilation is involved in the signal pathway of
synthesis of sulfur-containing components, and consequently contributing to Cd
detoxification in plants.
1.3.2.7 Nutrition deprivation
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Nitrogen (N) and phosphorus (P) are two of the most essential macronutrients for
plant growth, development, and reproduction. The monocot-specific small RNA miR444
is reported to be involved in nitrate accumulation and phosphate-starvation responses in
rice (Yan, et al., 2014). Four targets of miR444 have been confirmed in rice, which are
the MIKC-type MADS-box genes OsMADS23, OsMADS27a, OsMADS27b, and
OsMADS57 (Sunkar, et al., 2005; Lu, et al., 2008; Wu, et al., 2009; Li, et al., 2010). They
are homologous to Arabidopsis ANR1, a key component in the nitrate signaling pathway,
which regulates lateral root growth. The abundance of rice miR444 is positively regulated
under N- and P-starvation conditions (Yan, et al., 2014). Overexpression of miR444
enhances nitrate accumulation in rice under normal growth conditions, but not under Nlimiting conditions (Yan, et al., 2014). Gene expression analysis shows that the
transcripts of four nitrate transporters are induced in miR444-overexpressing rice (Yan, et
al., 2014). However, nitrate remobilization from old to young leaves under N-limiting
conditions is disrupted in the transgenic rice, and thereby enhancing the sensitivity of
miR444 transgenic plants to N-limiting conditions (Yan, et al., 2014). Interestingly,
miR444 overexpression in rice causes root architectural changes under phosphatestarvation, increased phosphate accumulation under different concentrations of phosphate
supply, and the induction of phosphate transporter genes (Yan, et al., 2014). The study
indicates that miR444 plays multiple roles in nitrate signal pathway and phosphatestarvation responses in rice. In order to engineer the traits for enhanced N- and Pstarvation tolerance, thorough dissection and manipulation of miR444 targets is a more
practical approach.
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In addition to miR444, other miRNAs also play important functions in response to
nutrient deficiencies. For instance, miR395 regulates sulfur distribution and homeostasis
(Kawashima, et al., 2011), miR399 is involved in phosphate-starvation signaling (Chiou,
et al., 2006), miR393 and miR167 act in the nitrate-signaling pathway (Gifford, et al.,
2008; Vidal, et al., 2010), miR169 is involved in N-starvation response (Zhao, et al.,
2011).
1.3.3 MiRNA-mediated plant response to biotic stress for plant genetic engineering
When plants are subjected to bacterial, virus, fungi, insect, or nematode infections,
they are able to respond at the molecular level through rapidly regulating expression
levels of stress-responsive genes. The role of miRNAs in this complicated defense
mechanism was not discovered until a decade ago (Llave, 2004). Currently, studies are
mainly focusing on identification and characterization of biotic stress-responsive
miRNAs and their targets. In this section, we discuss the responses of miRNAs to
different types of biotic stresses (Figure 1.4).
1.3.3.1 Bacteria
Since the identification of miR393 which was implicated in plant response to
bacterial infection by repressing auxin signaling, accumulating evidence suggests that
miRNAs are involved in immune responses (Navarro, et al., 2006; Navarro, et al., 2008;
Jagadeeswaran, et al., 2009). MiR472 targets the disease resistance genes, which belong
to the coiled-coil nucleotide-binding leucine-rich-repeats family (CNL). A recent study
demonstrates that Arabidopsis miR472 and a key RNA silencing factor RDRP6 act
coordinately in the regulation of immune responses (Boccara, et al., 2014). In the study,
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miR472 loss of function mutant plants exhibit enhanced resistant to P. syringae pv
tomato DC3000, whereas miR472-overexpressing plants are more susceptible to the
bacterial strain.

Figure 1.4 Regulatory roles of miRNAs, miRNA-target pairs, and key genes in miRNA biogenesis
pathway in response to biotic stress resistance. Negative regulators in response to biotic stress are labeled
with gray background; positive regulators in response to biotic stress are bordered.

1.3.3.2 Fungi
Wheat stripe rust is one of the most destructive fungal diseases caused by Puccinia
striiformis f. sp. tritici (Pst). A recent study demonstrated that a novel wheat miRNA PN2013-targeted TaMDHAR gene is involved in the response to Pst at wheat seedling stage
(Feng, et al., 2014). TaMDHAR plays a vital role in the regulation of ROS metabolism
through the ascorbate-gluthione cycle (Arrigoni, et al., 1981). Knockdown mutants of
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TaMDHAR exhibit enhanced resistance to wheat stripe rust (Feng, et al., 2014). Gene
expression analysis shows that pathogenesis-related genes are induced in TaMDHAR
mutants, which may contribute to the improved resistance to Pst. Detailed dissection of
the regulatory mechanism of PN-2013 in response to Pst would provide a better
understanding of pathogen-host interactions, and therefore pave the way for engineering
miRNA for enhanced pathogen resistance.
1.3.3.3 Virus
Tomato leaf curl New Delhi virus (ToLCNDV) infects tomato and other crops with
the symptom of upward leaf curling and results in severe yield loss. The accumulation of
miR159, miR319, and miR172 is observed as the ToLCNDV agroinfection progression
in tomato cv Pusa Riby, tomato cv JK Asha, and chilli plants (Naqvi, et al., 2010). The
study revealed that these miRNAs might be responsible for the leaf curl symptom and
have the potential to serve as biomarkers for ToLCNDV infection. A recent study
identified several novel miRNAs (Tom_4; Tom_14; Tom_17; Tom_21; Tom_29;
Tom_43) and their targets in response to ToLCNDV infection (Pradhan, et al., 2015),
which could allow better understanding for the miRNA-mediated ToLCNDV-tomato
interaction.
Recently, studies are mainly focused on identification of miRNAs in response to viral
infection (Pacheco, et al., 2012; Amin, et al., 2011), while the direct transgenic
approaches using plant endogenous miRNAs for promoting antiviral resistance are
lacking. However, the strategy of engineering artificial miRNAs, which target viral
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genome for antiviral resistance, becomes an effective RNA silencing tool in planta (Ai, et
al., 2011; KUNG, et al., 2012; Fahim, et al., 2012; Zhang, et al., 2011).
1.3.3.4 Insect
A recent report links miRNA-mediated secondary metabolic defense pathway to
aphid pest resistance (Kettles, et al., 2013). In the study, deficient processing of miRNAs
in dcl1, hen1, or ago1 mutants significantly decreases the offspring of green peach
aphids, partially due to the enhanced production of camalexin, which largely impacts
reproductive ability of aphids (Kettles, et al., 2013). Detailed investigation demonstrates
that dcl1 mutants promote the production of camalexin through inducing the key genes in
the camalexin biosynthetic pathway during aphid attack (Kettles, et al., 2013). In
addition, the defense against attack from chewing herbivores has also been characterized
in siRNAs and artificial small RNAs (Guo, et al., 2014; Pandey, et al., 2008; Pandey and
Baldwin, 2007), which provides a variety of promising and preferable small RNAmediated defense strategies for engineering plants resistant to plant-infesting insects.
1.3.3.5 Nematode
Deep sequencing analysis of miRNAs in soybean has been conducted to identify
soybean cyst nematode (SCN)-responsive miRNAs (Li, et al., 2012). The result indicates
that 101 miRNAs shows differential expression in response to the nematode infection,
including conserved stress-responsive miRNAs, such as miR319, miR169, and miR390
(Li, et al., 2012). Currently, information on nematode virulence is still in its infancy.
Further genome-wide sequencing analysis to identify nematode-responsive miRNAs in
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diverse plants and characterization of SCN-responsive miRNA/target modules will boost
our understanding of the molecular mechanism of nematode infection.
1.4 MiRNA-based gene silencing strategies in plant genetic modification
Since the discovery of homology-dependent gene silencing phenomena in plants, also
termed as RNAi, it has become an efficient tool for the functional characterization of
genes through knocking down the expression of an individual targeted gene, or multiple
gene family members. One of the RNAi phenomena is co-suppression, which can be used
to introduce the sense transgene into plants to reduce or delete the transcripts of both
transgene and the endogenous homologous existing in the plant genome (de Carvalho
Niebel, et al., 1995). Antisense suppression describes another RNAi phenomenon, in
which antisense strand of targeted mRNA can be introduced into plants and forms an
mRNA duplex to block translation. Later, a highly efficient post-transcriptional gene
silencing construct, termed hairpin RNA interference (hpRNAi), was been designed. It
encodes a self-complementary hairpin RNA containing sense and anti-sense arms, and an
intron for enhancing the silencing efficiency (Wesley, et al., 2001).
In addition, given the importance and wide-range of miRNAs, many strategies have
also been designed to repress the expression of these regulatory molecules for better
understanding of specific miRNA-target pairs. Artificial miRNA (amiRNA) technology
is used to directly repress the expression of a specific miRNA or a whole miRNA family.
If the amiRNA targets a mature miRNA sequence, all miRNA family members will be
silenced. If the amiRNA targets the stem-loop region of a pre-miRNA, only this
individual miRNA can be silenced (Eamens, et al., 2011). Another approach to inhibit the
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activity of miRNA is the target mimicry, in which the modified miRNA contains an
uncleavable target site and thus, leads to the non-productive interactions (Franco-Zorrilla,
et al., 2007). Alternatively, the artificial target approach, which introduces miRNAresistant forms of the targets into the plant genome, results in the disturbed miRNA
activity (Reyes and Chua, 2007).

1.5 Concluding remarks
A new layer of gene regulatory networks have been gradually unveiled since the
discovery of a hidden miRNA world. In this chapter, we have summarized the
involvement of miRNAs in plant development, abiotic, and biotic stress responses, the
promising approaches for miRNA-mediated plant genetic engineering, as well as
miRNA-based gene silencing strategies for characterization of gene function and plant
genetic modification. The rapid development of high-throughput sequencing tools and the
large amount of available genomic data will boost the progress for miRNA functional
investigations. A thorough understanding of the action of miRNA-target pairs will lay the
foundation for elucidating the complex regulatory networks implicated in all aspects of
plant life processes, facilitating in developing novel strategies for improving a multitude
of plant traits.
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Abstract
MicroRNA528 (miR528) is a conserved monocot-specific small RNA that has the
potential of mediating multiple stress responses. So far, however, experimental functional
studies of miR528 are lacking. Here, we report that overexpression of the rice (Oryza
sativa) miR528 (Osa-miR528) in transgenic creeping bentgrass (Agrostis stolonifera L.)
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alters plant development and improves plant salt stress and nitrogen (N) deficiency
tolerance. Morphologically, miR528-overexpressing transgenic plants display shortened
internodes, increased tiller number and upright growth. Improved salt stress resistance is
associated with increased water retention, cell membrane integrity, chlorophyll content,
capacity for maintaining potassium homeostasis, Catalase (CAT) activity, and with
reduced Ascorbic Acid Oxidase (AAO) activity; while enhanced tolerance to N
deficiency is associated with increased biomass, total nitrogen accumulation and
chlorophyll synthesis, Nitrite Reductase (NiR) activity, and with reduced AAO activity.
In addition, AsAAO and Copper Ion Binding Protein 1 (AsCBP1) are identified as two
putative targets of miR528 in creeping bentgrass. Both of them respond to salinity and
nitrogen starvation and are significantly down-regulated in miR528-overexpressing
transgenics. Our data establish a key role of miR528 in modulating plant growth and
development and in plant response to salinity and N deficiency, and indicate the potential
of manipulating miR528 for improving plant abiotic stress resistance.
2.1 Introduction
Abiotic stresses, especially drought, salt, and nitrogen (N) deficiency, are limiting
factors for plant growth, development, and agricultural productivity. To cope with
drought and salt stresses, plants have evolved similar strategies of osmotic adjustment
(Zhu, 2002; Munns, 2002). Plants have also evolved salinity-specific adjustments against
ionic disequilibrium, which encompass excluding salts entry into the plants and
compartmentalizing ions into vacuoles or old leaves (Munns, 1993; Flowers and Yeo,
1992; Yeo, 1998). Another worldwide limiting factor for crop yields is N deficiency,
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which triggers reduced leaf growth rate and photosynthetic rate (Chapin III, et al., 1988).
Due to the sessile nature of plants, abiotic stresses are unavoidable. Therefore, it is
critical to develop reliable procedures to genetically modify plants for improved
performance under environmental stresses, and thereby enhance agricultural productivity
to meet the ever-growing demands in food production.
Genetic engineering plays an increasingly important role in agronomic trait
modifications in crop species. Currently, many genes encoding functional proteins,
transcription factors, and proteins involved in signaling pathways have been identified as
abiotic stress responsive genes (Masclaux-Daubresse, et al., 2010; Shinozaki and
Yamaguchi-Shinozaki, 2007; Turan, et al., 2012). Constitutive expression of some of
these genes in transgenic plants has been demonstrated to lead to enhanced salt or
drought tolerance (Golldack, et al., 2011; Kim, et al., 2013; Li, et al., 2014; Lu, et al.,
2013). However, the details of the regulatory network in plant stress response remain
elusive. To improve plant performance under N deficiency conditions, substantial efforts
have been concentrated on understanding the physiological and molecular processes
determining plant N use efficiency (NUE), including those involved in N uptake,
assimilation, translocation and remobilization. A number of crop plants have been
genetically engineered to alter single functional genes in these pathways with limited
success due to post-transcriptional regulation machineries (Ferrario-Mery, et al., 1998;
Fraisier, et al., 2000; Pathak, et al., 2008). Abiotic stresses trigger a wide array of plant
morphological and physiological responses. Therefore, a comprehensive understanding of
plant response to abiotic stresses and the knowledge of how to manipulate multiple genes
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concurrently to integrate responses of plants at various levels under abiotic stresses are
the keys to genetically improving plants for enhanced performance under adverse
environmental conditions.
Since the discovery of microRNAs (miRNAs), the important small regulatory
molecules two decades ago, the roles some of their members play in the complex stress
response network have been gradually recognized. Recently, an evolutionarily conserved
monocot-specific miRNA, miR528 was identified as responding to multiple stresses,
including salt, drought, low-temperature, submergence, nitrate starvation, arsenite and
arsenate stresses in maize (Zea mays), sugarcane (Saccharum officinarum), phalaenopsis
orchid (Phalaenopsis), and rice (Ferreira, et al., 2012; Nischal, et al., 2012; Xu, et al.,
2011; Zhang, et al., 2008; An, et al., 2011; Sharma, et al., 2015). In addition, deep
sequencing analysis shows that miR528 is responsive to diazotrophic bacteria in maize
and might be involved in cytoplasmic male sterility in the rice (Thiebaut, et al., 2014;
Yan, et al., 2015). MiR528 in many grass species, such as rice, maize, sugarcane,
sorghum (Sorghum bicolor), and Brachypodium distachyon has been shown to have an
identical mature sequence (UGGAAGGGGCAUGCAGAGGAG; (Kozomara and GriffithsJones, 2014), suggesting that miR528 in different monocot species may function similarly

to regulating target gene activity. Eleven putative targets of miR528 in rice have been
predicted using in silico analysis. Some of them are involved in the oxidation-reduction
processes (Dai and Zhao, 2011), implying that miR528 may function as a multi-stress
integrator. However, all the stress-responsive data of miR528 obtained so far have been
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from genome-wide large-scale analyses. The experimental functional study of miR528 is
still lacking.
In this study, we analyzed the role of miR528 in regulating plant response to salinity
and N starvation, and the underlying physiological and molecular mechanisms using
transgenic analysis in an important perennial grass species, creeping bentgrass (Agrostis
stolonifera). Using stem-loop reverse transcriptase quantitative PCR (RT-qPCR), we first
demonstrated that like its counterpart in annual species, miR528 in creeping bentgrass is
also responsive to salinity stress, and water and N deficiency. We then generated
transgenic creeping bentgrass plants overexpressing rice primary miR528 (pri-miR528)
to evaluate the impact of miR528 on plant development and response to environmental
stress. Our data indicate that transgenic plants exhibit altered growth and development
and enhanced tolerance to salt stress and N deficiency. Improved salt stress resistance is
associated with increased water retention, cell membrane integrity, chlorophyll content,
capacity for maintaining potassium (K) homeostasis, CAT activity, and with reduced
AAO activity. Enhanced tolerance to N starvation is associated with increased biomass,
total N accumulation and chlorophyll synthesis, NiR activity, and with reduced AAO
activity. Our findings highlight a functional role for the miR528 in modulating ionic
equilibrium, NUE and the oxidation-reduction process to mediate plant response to
salinity stress and N starvation. Additionally, we also identified two creeping bentgrass
miR528 targets, AsAAO and AsCBP1, which are homologs of rice AAO and CBP1 and
implicated in oxidation-reduction process. We found that both AsAAO and AsCBP1
respond to salinity stress and nitrogen starvation and are significantly down-regulated in
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miR528-overexpressing transgenic plants. Collectively, our data demonstrate the
importance of miR528 in plant development and its key role as a multi-stress integrator
controlling plant response to salinity and N starvation, pointing to the potential of
manipulating miR528 for improving plant abiotic stress resistance.
2.2 Results
MiR528 responds to salt, drought, and N deficiency stresses

Figure 2.1 Stem-loop RT-qPCR analyses of miR528 expression profiles in response to salt, drought, and N
deficiency in WT creeping bentgrass leaves. Relative expression levels of the mature miR528 were
determined in WT plants under A, salt treatment, B, drought and C, N deficiency treatment. The relative
changes of gene expression were calculated based on the 2í¨¨CT method. AsUBQ5 was used as an
endogenous control. Data are presented as means of three biological replicates x three technical replicates,
and error bars represent standard error. A significant difference of expression levels between untreated and
each abiotic stress treated WT plants was indicated by asterisks (** or ***) at P<0.01, 0.001 by Student’s ttest.

MiR528 has previously been implicated in plant response to drought, salt, and N
deficiency in annual species (Ferreira, et al., 2012; Nischal, et al., 2012; Xu, et al., 2011;
Ding, et al., 2009). To study its role in perennial grass species, we first examined its
expression in response to various abiotic stresses in creeping bentgrass. Stem-loop RTqPCR analysis indicates that miR528 is significantly induced by both drought and salt
stress, but suppressed under N starvation (Figure 2.1). This suggests that miR528 is
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regulated by abiotic stress, consistent with the observations in rice, maize, and sugarcane
(Ding, et al., 2009; Ferreira, et al., 2012; Nischal, et al., 2012; Xu, et al., 2011).
Generation and molecular analysis of transgenic creeping bentgrass overexpressing
Osa-miR528, a rice miRNA gene

Figure 2.2 Generation and molecular analysis of transgenic (TG) creeping bentgrass overexpressing OsamiR528. A, Osa-miR528 gene overexpression construct. Osa-miR528 gene is under the control of
Cauliflower Mosaic Virus (CaMV) 35S promoter and linked to the hygromycin resistance gene, Hyg,
driven by CaMV 35S promoter. RB: right border; LB: left border. B, PCR analysis to amplify Hyg gene
using genomic DNA of WT and TG creeping bentgrass to determine the integration of Osa-miR528 gene in
the host genome. C, Pri-miR528 shows alternative splicing in WT rice and transgenic creeping bentgrass.
The same splicing pattern of the pri-miR528 was observed in both rice and creeping bentgrass. Blue, red,
and purple lines represent different splicing patterns. Yellow lines are the locations of pre-miR528. Black
arrows indicate the position of mature miR528. D, Additional pair of primers was designed to amplify a
common region of the three alternatively spliced pri-miR528 transcripts by using semi-quantitative RTPCR analysis to compare the expression levels of primary Osa-miR528 in WT and TG plants. E, Stem-loop
RT-qPCR analysis to detect the expression of mature Osa-miR528 in TG and WT plants. The relative
changes in gene expression were calculated based on the 2í¨¨CT method. AsACT1 was used as an
endogenous control. Data are presented as means of three technical replicates, and error bars represent
standard error. A significant difference of expression levels between WT and each transgenic line was
indicated with asterisks (** or ***) at P<0.01 or 0.001 by Student’s t-test.
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To further study the role miR528 plays in plant adaption to abiotic stress, we prepared
a miR528 overexpression construct, and introduced it into the genome of WT creeping
bentgrass through Agrobacterium tumefaciens-mediated transformation. The rice cDNA
containing pre-miR528 (Kikuchi, et al., 2003; Satoh, et al., 2007; Liu, et al., 2005) was
amplified and then cloned into the binary vector pZH01, generating the Osa-miR528
overexpression gene construct, p35S-Osa-miR528/p35S-Hyg. As shown in Figure 2.2A,
Osa-miR528 gene was under the control of the cauliflower mosaic virus (CaMV) 35S
promoter and linked to the hygromycin resistance gene, Hyg, driven by CaMV 35S
promoter. To select positive transgenic plants containing miR528 overexpression
constructs, we amplified the Hyg gene by PCR grom genomic DNA of regenerated plants
and identified a total of 13 transgenic lines (Figure 2.2B), which were morphologically
indistinguishable from each other. Three transgenic lines, TG6, TG8 and TG13 were
chosen for further characterization on the aspects of plant development and stress
response. To verify Osa-miR528 expression in transgenic plants, we conducted RT-PCR
analysis to amplify the cDNA containing the Osa-miR528 stem-loop structure, comparing
the levels of primary Osa-miR528 transcripts between the WT control and three
transgenic lines. Interestingly, besides a fragment with the expected size of 549 bp, two
additional bands of 451 bp and 240 bp were also detected (Figure 2.2C). Cloning and
sequencing analysis of these DNA fragments revealed that alternative splicing
mechanisms are responsible for the production of the additional two bands of 451 bp and
240 bp (data not shown). The same splicing pattern of the pri-miR528 observed in rice
(Figure 2.2C) suggesting that molecular mechanisms governing pri-miR528 sequence
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processing are conserved in different plant species. An additional pair of primers was
then designed to amplify a common region of the three alternatively spliced pri-miR528
transcripts in transgenic lines using semi-quantitative RT-PCR analysis. As demonstrated
in Figure 2.2D for the five representative transgenic lines, the transcripts of pri-miR528
are significantly elevated in transgenic lines compared to that in WT controls (Figure
2.2D). To determine whether pri-miR528 can be successfully processed into mature
miRNA, we conducted stem-loop RT-qPCR analyses and found that the expression levels
of mature Osa-miR528 in three representative transgenic lines are significantly higher
than that in WT control (Figure 2.2E), suggesting that the primary RNA sequence of the
Osa-miR528 from rice is properly processed into mature miRNA in creeping bentgrass.
Overexpression of miR528 alters plant development
To determine the involvement of miR528 in plant development, we analyzed WT and
TG plants initiated from a single tiller in pure sand. TG plants produced significantly
more, but shorter tillers than WT controls (Figure 2.3, A, C, and J; Figure A-1, A and B),
especially at the later developmental stage (10 weeks old; Figure 2.3J). However, no
significant difference in the total numbers of shoots, the primary and secondary tillers
from a crown and internodes was observed between TG and control plants at the later
developmental stages (60 and 90 d old; Figure 2.3K). The developmental changes
observed in TG plants were further confirmed by comparing WT and Osa-miR528 TG
plants grown in the same pot filled with soil (Figure 2.3B). In addition, TG plants
exhibited more upright tiller growth than WT controls (Figure 2.3B; Figure A-1, C).
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Figure 2.3 Plant tillering and development. A, Ten-week-old WT and TG plants initiated from a single
tiller. Scale bar, 10 cm. B, Two-month-old WT and TG plants initiated from the same number of tillers
were grown in the same 6-inch pot. Scale bar, 10 cm. C, Close up of the longest tillers from WT and TG
plants, respectively. Scale bar, 5 cm. D, All internodes from the representative longest tiller were sliced
from top to bottom and arranged from left to right. Scale bar, 5 cm. E, Top three fully developed leaves
from the representative tillers of WT and TG plants. Scale bar, 2 cm. F, Cross-section images of WT and
TG leaves. Scale bar, 200 μm. G, Cross-section images of WT and TG stems. Scale bar, 100 μm. H,
Statistical analysis of leaf thickness between representative WT and TG plants (n=8). I, Statistical analysis
of the number of vascular bundles between representative WT and TG stems (n=8). J, Tiller number in WT
and TG plants five and ten weeks after initiation from a single tiller (n=5). K, Total shoot number including
both tillers and lateral shoots in WT and TG plants at 30, 60, and 90days after initiation from a single tiller
(n=5). L, Average length of top eight internodes from WT and TG tillers (n=6). Data are showed as means,
and error bars represent standard error. A significant difference between WT and each transgenic line was
indicated with asterisks (*, **, or ***) at P<0.05, 0.01, or 0.001 by Student’s t-test. Tillers are grass shoots
growing out from the crown at the base of the plants. Shoots include both tillers and lateral shoots growing
out from the tillers.

To further study what causes the reduced tiller length in transgenics, we analyzed the
average length and number of the internodes of the representative tillers from WT and
TG plants (Figure 2.3D). We found that the total numbers of the internodes in WT and
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TG tillers are similar, whereas the average length of the internodes from each tiller in TG
plants is significantly reduced compared with WT controls (Figure 2.3L).
TG and WT leaves and stems were also compared at the cellular level via histological
analysis (Figure 2.3, E-G). Transgenic leaves were significantly thicker than WT leaves
(Figure 2.3H) and the number of the stem vascular bundles was significantly increased in
transgenics compared to that in WT controls (Figure 2.3I).
The potential impact of miR528 on plant growth was investigated by measuring the
shoot and root biomass of the ten-week-old WT and TG plants initiated from a single
tiller, and the weekly clipping weight thereafter for continuous four weeks. Our statistical
analyses revealed no significant difference in biomass accumulation between TG and
control plants (Figure A-2).
Overexpression of miR528 leads to enhanced salt tolerance in transgenic plants
To investigate the role of miR528 plays in plant stress response, we examined TG and
WT plants under salinity stress using fully developed plants (Figure 2.4A). Figure 2.4B
and C show plants recovering for eight days after a nine-day exposure to 200 mM NaCl.
Salt-elicited tissue damage was significantly more pronounced in WT controls than in TG
plants, suggesting an enhanced tolerance to salt stress in miR528-expressing TG plants.
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Osa-miR528 transgenics exhibit better water retention, cell membrane integrity, and
higher proline and chlorophyll contents than WT controls under salt stress

Figure 2.4 Responses of WT controls and transgenics to salinity treatment. A, WT controls and two TG
lines initiated from the same amount of tillers were trimmed to the same height before salt stress test. B,
Fully developed WT and TG plants were subjected to 200 mM NaCl treatment. Performance of WT and
TG plants at the 8 days after recovery from a 9-day salt treatment. C, Close up of representative WT and
TG plants from B. D, Electrolyte leakage values were calculated before and after 9-day salt treatment. E,
Relative water contents were measured before and after 9-day salt treatment. F, Proline contents of WT and
TG leaves were measured before and after 200 mM NaCl treatment. G, Chlorophyll a content, H,
Chlorophyll b content, and I, Total chlorophyll content were measured before and after 9-day salt
treatment. Data are presented as means (n=5), and error bars represent ±SE. Asterisks (*, ** or ***)
indicate a significant difference between WT and transgenic plants at P<0.05, 0.01 or 0.001 by Student’s ttest.

Salinity stress damages plant cell membrane and turgidity. Therefore, the
maintenance of cell membrane integrity and water status is considered the major
component in plant salt stress tolerance. To investigate the degree of cell membrane
injury between WT and TG plants, we measured their electrolyte leakage (EL). Under
normal growth conditions, there was no significant difference of EL between WT and
two transgenic lines. After a nine-day salt stress treatment, the EL value of WT was

68





significantly higher than that of TG plants (Figure 2.4D), indicating that TG plants have a
better capability of maintaining cell membrane integrity than WT controls under salt
stress conditions. To compare the water status in WT and TG plants, we measured the
relative water content (RWC). Both transgenics and WT controls displayed similar RWC
under normal growth conditions (Figure 2.4E). However, when subjected to salinity
stress for nine days, transgenics had significantly higher RWC than WT controls (Figure
2.4E), implying that TG plants have improved ability to retain water under salinity stress.
Proline is essential for plant primary metabolism under salt stress. It functions as a
molecular chaperone in buffering the cytosolic redox status within the cell and in ROS
scavenging (Ashraf and Foolad, 2007). Proline content in both transgenics and WT
controls was similar before salt treatment (Figure 2.4F). However, significantly higher
proline accumulated in transgenics than in WT controls after the salt stress (Figure 2.4F),
suggesting an enhanced ROS detoxification capacity under osmotic stress in TG plants.
Leaf chlorophyll content is also affected under salt stress due to the destruction of the
chlorophyll pigment protein complex, the degradation of the chlorophyll enzyme
chlorophyllase, and the interference with the synthesis of chlorophyll structural
components (Ali, et al., 2004; Gupta, et al., 1983; Rao and Rao, 1981). In this study,
there was no significant difference in chlorophyll content between WT and TG plants
under normal growth conditions, whereas all transgenic lines showed significantly higher
chlorophyll content than WT controls during salt treatment (Figure 2.4, G-I), suggesting a
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possible role the improved photosynthesis of the transgenics plays in contributing to
enhanced salt stress resistance.
Osa-miR528 transgenic plants maintain cellular K+ homeostasis under salt stress

Figure 2.5 Na+ and K+ content in WT and TG plants under normal and salt stress conditions. A, Na+
relative content in shoot and root tissues of WT and TG plants before salinity treatment. B, Na+ relative
content in shoot and root tissues of WT and TG plants 9 days after salinity treatment. C, K+ relative content
in shoot and root tissues of WT and TG plants under normal growth conditions. D, K+ relative content in
shoot and root tissues of WT and TG plants 9 days after salinity treatment. E, K+: Na+ ratio in shoots and
roots of WT and TG plants before 200 mM NaCl treatment. F, K+: Na+ ratio in shoots and roots of WT and
TG plants 9 days after salt treatment. G, Shoot K+ relative content in WT and TG plants before and after
salinity stress. H, Root K+ relative contents in WT and TG plants before and after salinity stress. Data are
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presented as means (n=3), and error bars represent standard error. Asterisks (*, **, or ***) indicate
significant differences of K+ content, Na+ content, or K+: Na+ ratio between WT and each transgenic line at
P<0.05, 0.01, or 0.001 by Student’s t-test.

Salt stress imposes ionic imbalance and osmotic stress on plants due to elevated Na+
levels around plant roots. To compare the Na+ uptake in WT and Osa-miR528 TG plants,
Na+ relative content was measured. While there was no difference in Na+ content in roots
between transgenics and WT controls, the three transgenic lines accumulated
significantly more Na+ than WT controls in shoots before the salt stress (Figure 2.5A).
After the salt treatment, WT and TG plants had similar Na+ content in both shoots and
roots (Figure 2.5B). Potassium (K) plays an essential role in diverse physiological
processes including turgor adjustment, stomata movement, cell elongation, and activation
of more than 50 cytoplasmic enzymes (Gambale and Uozumi, 2006; Lebaudy, et al.,
2007; Marschner, 1995). Salinity also affects K+ homeostasis, because Na+ competes with
K+ for binding sites during enzymatic reactions and protein syntheses in the cytoplasm
where K+ functions as a co-factor in these processes (Marschner, 1995). Our result
showed that K+ relative content in WT and TG shoots was similar or slightly higher in
TG shoots before salt stress (Figure 2.5C). After salinity treatment, interestingly,
transgenics maintained their shoot K+ level, whereas, the K+ levels in WT shoots dropped
dramatically, becoming significantly lower than that in transgenic shoots (Figure 2.5D).
Transgenics also contained higher K+ in roots than WT plants, although the difference
was insignificant (Figure 2.5, C and D). One of the key elements in plant salinity
tolerance is the capacity to maintaining a high K+: Na+ ratio. Under normal growth
conditions, WT shoots had a significantly higher K+: Na+ ratio than transgenics due to
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their lower Na+ contents than transgenic shoots (Figure 2.5E). After salt stress treatment,
however, K+: Na+ ratios of shoots and roots were both significantly higher in transgenics
than in WT controls (Figure 2.5F). Figure 5G shows that under salt stress, transgenics
were capable of maintaining similar shoot K+ levels to non-stressed conditions compared
to WT controls. However, K+ levels in both WT and TG roots decreased dramatically
although transgenic roots had higher K+ contents than WT controls under non-stressed
conditions (Figure 2.5H).
The impact of miR528 on the expression of the potassium transporter AsHAK5
Differences in Na+ and K+ content between WT and TG plants imply that miR528
might mediate the concerted action of ion transport systems. To investigate the
underlying mechanism of miR528-mediated ion transport, K transporter genes in
creeping bentgrass were identified and their expression was analyzed in TG and WT
plants. Previous studies indicate that there are mainly seven gene families involved in K+
uptake (Maser, et al., 2001; Véry and Sentenac, 2002; Véry and Sentenac, 2003), of
which functionally characterized genes encoding K permeable channels and K
transporters were selected for further study. AsHAK5 (KR911825) from the KP/HAK/KT
transporter family was successfully amplified in creeping bentgrass and found to be upregulated in TG leaves and roots compared to WT controls (Figure 2.6), which might
contribute to the increased K+ uptake and enhanced capacity of maintaining K+
homeostasis in TG plants.
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Figure 2.6 Expression levels of AsHAK5 in WT and TG plants by semi-quantitative RT-PCR analysis. A,
Expression levels of AsHAK5 in leaf tissues of WT and TG plants under normal growth conditions. B,
Expression levels of AsHAK5 in root tissues of WT and TG plants under normal growth conditions.
AsUBQ5 gene was used as the endogenous control.

Overexpression of miR528 results in enhanced ROS scavenging associated with
increased CAT activity, but decreased AAO activity under salt stress in transgenics
In addition to the impact on potassium homeostasis, salt stress also causes the
accumulation of reactive oxygen species (ROS) in plant cells. Plants have evolved the
stress tolerance mechanism of ROS detoxification via increasing antioxidant enzyme
activity. Since the predicted targets of Osa-miR528 contain many antioxidant enzymeencoding genes, this prompted us to examine how miR528 impacts antioxidant enzyme
activity. We first measured the activity of the Cu/Zn superoxide dismutase (SOD)
enzyme encoded by a predicted miR528 target gene, but observed no significant
difference between WT and TG plants (Figure A-3A). SOD catalyzes the dismutation of
superoxide radical into oxygen or hydrogen peroxide; the latter is further decomposed to
water and oxygen by CAT. We therefore conducted CAT assay and observed that
transgenic plants have significantly higher a CAT activity than WT controls under both
normal and salt stress conditions, suggesting an increased capacity of ROS scavenging in
miR528 TG plants (Figure A-3B). Another predicted miR528 target encodes AAO,
which catalyzes the reaction of ascorbate (AA) oxidation. Under salt stress, transgenic
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plants exhibited significantly lower AAO activity than WT controls, indicating that
transgenics maintain higher levels of AA under redox status, which contributes to a better
elimination of ROS than WT controls (Figure A-3C).
MiR528 transgenics exhibit an enhanced NUE associated with up-regulated gene
expression and increased enzyme activity of nitrite reductase

Figure 2.7 Responses of WT and TG plants under different concentrations of N solutions. A, WT and TG
plants were trimmed to be uniform before applying N solutions. B, Performance of WT controls and three
TG lines on MS solutions containing 2, 10, or 40 mM N for four weeks. C, Close up of WT and TG shoots
under 2mM and D, 40mM N solution treatment for four weeks. E, Shoot fresh weight and F, dry weight of
WT and TG plants after 4-weeks growth with three different N solutions. G, The percentage of shoot total
N content of WT and TG plants was measured four weeks after applying different N solutions. H, The
weight of shoot total N was measured four weeks after applying different N solutions. Plant chlorophyll
contents including I, Chlorophyll a, J, Chlorophyll b and K, Total chlorophyll was measured four weeks
after applying different concentrations of N solutions. Data are presented as means (n=4), and error bars
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represent ±SE. Asterisks (*, ** or ***) indicate significant differences of biomass value, total N weight, or
chlorophyll contents between WT and transgenic plants at P<0.05, 0.01, or 0.001 by Student’s t-test.

To examine the responses of WT and TG plants under different N supplies (2, 10, and
40 mM), we first determined the optimum N concentration for creeping bentgrass by
applying Murashige and Skoog (MS) nutrient solutions containing 2, 10, or 40 mM N
respectively to WT and TG plants. Four weeks later, WT and TG plants had the fastest
and slowest growth rate with 10 mM and 2 mM N solution treatments, respectively
(Figure 2.7B, E and F). Thus, 10 mM is the optimum N concentration in our experiment
and was used for further analysis. The result also shows that the excess N level of 40 mM
reduces plant growth (Figure 2.7B) which might cause from the decreased uptake of other
nutrient elements. When comparing plant growth between transgenics and WT controls,
no significant difference in shoot biomass was observed under a normal N supply of 10
mM. However, transgenics grew better and produced significantly more shoot biomass
than WT controls under both N deficiency (2 mM) and over-fertilized (40 mM)
conditions (Figure 2.7, E and F). Moreover, transgenics also exhibited delayed leaf
senescence compared to WT controls. While WT controls exhibited wilting leaf tips
under all three treatments of N fertilization, TG plants barely had this symptom,
suggesting a role miR528 may play in plant leaf senescence and longevity (Figure A-4).
To further evaluate the impact of miR528 on plant response to N, we measured plant
leaf chlorophyll contents in both TG and WT plants under N starvation and normal
conditions. In comparison with N-sufficient plants, plants under N deficiency conditions
(0.4 mM and 2 mM) had reduced chlorophyll contents, especially under 0.4 mM N
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supply (Figure 2.7, I-K). While TG plants were similar to WT controls in chlorophyll
content under N-sufficient conditions, they had significantly higher chlorophyll than WT
controls under N-starved conditions (Figure 2.7, I-K), suggesting a low degree of
chlorophyll degradation, and therefore could be a higher photosynthetic capability in TG
plants than in WT controls under N deficiency conditions.
N is an essential nutrient for plant biomass production. To investigate how different
amounts of N uptake resulted in distinct plant growth rates, we compared the total N
content in WT and TG plants under N-starved (2 mM), N-sufficient (10 mM), and Nexcessive (40 mM) conditions. The result indicates that the higher the concentration of
the N solution applied was, the more total N plants accumulated (Figure 2.7G). When the
total N content was measured as the percentage of the biomass weight, there was no
significant difference between WT and TG plants. However, TG shoots accumulated
significantly more N than WT controls under N-starved and N-excessive conditions due
to their higher shoot biomass under both conditions (Figure 2.7G and H; Figure A-5),
suggesting an enhanced NUE in TG plants.
To investigate what causes the enhanced NUE, we examined the transcript levels of
the genes encoding key enzymes in N assimilation pathway in WT and transgenic
creeping bentgrass plants. The enzymes include nitrate reductase (NR), NiR, glutamine
synthetase (GS), and glutamate synthase (GOGAT). The result shows that the expression
of AsNiR (KR911829) was significantly up-regulated in transgenic plants in comparison
with WT controls (Figure 2.8A), but AsNR (KR911828), AsGS (KR911826), and
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AsGOGAT (KR911827) have similar expression levels in WT and TG plants (data not
shown).Consistently, the enzyme activity of NiR is also significantly higher in transgenic
plants than in WT controls before and after N starvation treatment (Figure 2.8B). It
should be noted that NiR activity increased in both WT and TG plants in response to N
starvation (Figure 2.8B).

Figure 2.8 AsNiR gene expression analysis and NiR enzyme assays in WT and TG plants. A, RT-qPCR
analysis of AsNiR transcript levels in WT plants and three transgenic lines under 10 mM N conditions.
AsACT1 was used as an endogenous control. Data are presented as means of three technical replicates and
three biological replicates. B, NiR assay in WT controls and two transgenic lines before and two weeks
after N starvation. Data are presented as means of three biological replicates. The error bars represent
standard error. Asterisks (*, ** or ***) indicate significant differences of expression levels or enzyme
activities between WT and TG plants at P<0.05, 0.01 or 0.001 by Student’s t-test.

Overexpression of miR528 leads to decreased AAO activity under N deficiency
N deprivation triggers redox changes and oxidative stress (Kandlbinder, et al., 2004).
The predicted miR528 target AAO gene and its role in oxidative stress regulation have
been discussed above. We therefore conducted plant AAO assays under normal and N
starvation conditions. The result indicates that AAO activity in both WT and TG plants
increased dramatically when subjected to N starvation, but the increase in TG plants was
significantly less pronounced than WT controls (Figure A-6). The lower level of AAO in
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transgenics helps maintain relatively high levels of redox AA under N deprivation, and
thereby keeping the balance between ROS production and its scavenging under oxidative
stress.

Figure 2.9 Putative miR528 targets identification in creeping bentgrass. A, Expression levels of AsAAO and
B, AsCBP1 in WT and three transgenic lines examined via RT-qPCR. AsUBQ5 was used as an endogenous
control. Data are presented as means of three technical replicates, and error bars represent ±SE. Asterisks
(*, ** or ***) indicate a significant difference of expression levels between WT and each transgenic line at
P<0.05, 0.01 or 0.001 by Student’s t-test. C, A comparison of miR528 target sites in the putative targets
AAO and CBP1 between rice and creeping bentgrass. Asterisks indicate the identical RNA sequences. D,
Information about the orthologues of the two putative miR528 target genes in rice and Arabidopsis.

Identification of putative Osa-miR528 targets and their responses to stresses
To understand the underlying molecular mechanisms of miR528-mediated plant
response to salinity and N deficiency, we sought to identify putative targets of miR528 in
creeping bentgrass. Currently, only SsCBP1, a copper ion binding domain-containing
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protein is experimentally confirmed as the target of miR528 in sugarcane (Zanca, et al.,
2010). In rice, Os06g37150 encoding AAO has been validated as the target of miR528
through a high-throughput degradome sequencing approach (Wu, et al., 2009b). To
identify its targets in creeping bentgrass, a plant small RNA target analysis tool (psRNA
Target) was applied to predict targets in rice genome (Dai and Zhao, 2011). Eleven
putative targets were recognized in rice, including one copper ion binding protein
(Os07g38290), one AAO (Os06g37150), one laccase precursor protein (Os01g44330),
one Zn/Cu SOD (Os08g44770), two plastocyanin-like domain containing proteins
(Os06g11310 and Os08g04310), one translation initiation factor (Os01g40150), one Fbox domain containing protein (Os06g06050), two multicopper oxidase domain
containing proteins (Os01g03620 and Os01g03640) and one unknown protein
(Os09g33800), of which, partial fragments of four genes were successfully amplified in
creeping bentgrass based on the sequence similarity to rice (data not shown). Genes
encoding AAO and CBP1 showed decreased expression in TG plants (Figure 2.9, A and
B), indicating that they might be targets of miR528 in creeping bentgrass. A MiR528
targeting site in AsCBP1 (KR911824) was detected in its open reading frame as described
in Figure 2.9C. Interestingly, a MiR528 target site was not found in the coding region of
AsAAO, instead, it was identified by RACE analysis, as located in the 3’UTR from the
26th nt to the 45th nt after the stop codon TGA (Figure 2.9C). The descriptions, functions
and corresponding orthologues in rice and Arabidopsis of AsAAO and AsCBP1 are listed
in Figure 2.9D. AsAAO (KR911823) functions in oxidation-reduction, suggesting its
potentially important role in plant abiotic stress response. AsCBP1 encodes a cupredoxin
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superfamily protein. Proteins from this family function in oxidation homeostasis and
electron transfer reactions, which are involved in photosynthesis, respiration, cell
signaling, and numerous reactions of oxidases and reductases (Dennison, 2005; Lu, et al.,
2004; Marshall, et al., 2009; Solomon, et al., 2004).

Figure 2.10 Expression patterns of the two miR528 putative targets under salt and N deficiency conditions
through real-time RT-PCR analysis. A, Expression profiles of AsAAO and AsCBP1 in WT leaf and root
tissues under 200 mM NaCl treatment (0 to 6 hours). B, Expression profiles of AsAAO and AsCBP1 in WT
leaf and root tissues under N starvation (0 mM N) from 0 to 8 days. AsUBQ5 was used as an endogenous
control. Data are presented as means of three technical replicates, and error bars represent standard error. A
significant difference of gene expression levels between untreated and stress treated leaf or root tissues was
indicated with asterisks (*, ** or ***) at P<0.05, 0.01 or 0.001 by Student’s t-test.

To investigate whether AsAAO and AsCBP1 respond to salt and N deficiency stresses,
we conducted real-time RT-PCR analysis to examine their expression profiles under salt
and N starvation treatments. Figure 2.10 shows that the expression level of AsAAO was
significantly induced in response to salt stress in WT leaf and root tissues. When plants
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were exposed to N deficiency, the expression of AsAAO was significantly induced and
repressed five days after treatment in WT leaf and root tissues, respectively (Figure
2.10B). When plants were exposed to salt stress, AsCBP1 expression in leaf and root
tissues was significantly induced (Figure 2.10A). During N starvation, AsCBP1 was
induced five and eight days after treatment in leaf tissues, while its expression declined in
root tissues eight days after treatment (Figure 2.10B).
MiR528 has crosstalk with other abiotic stress-related miRNAs and genes in perennial
grasses

Figure 2.11 Expression levels of the abiotic stress-related miRNAs and AsNAC60 in WT controls and OsamiR528 transgenic lines. Expression levels of A, miR396, B, miR156, and C, miR172 in WT and TG plants
revealed through stem-loop RT-qPCR analysis. D, Expression levels of AsNAC60 in WT and three
transgenic lines through RT-qPCR analysis. Three technical replicates were used for the RT-qPCR
analysis. AsUBQ5 was used as an endogenous control. The relative changes of gene expression were
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calculated using the 2í¨¨CT method. The error bars represent standard error (n=3). Asterisks (*, ** or ***)
indicate significant differences of expression levels between WT control and each transgenic line at
P<0.05, 0.01 or 0.001 by Student’s t-test.

Although the importance of miRNAs in the complex stress response network is being
gradually recognized, the molecular mechanisms of miRNA-mediated plant stress
response are still largely unknown. It would be interesting to know if different miRNAs
have interactions in plant response to abiotic stress. To this end, stem-loop RT-qPCR was
conducted to analyze several conserved miRNAs which are largely involved in plant
abiotic stress response through large scale analysis, including miR396, miR156, and
miR172 (Bhardwaj, et al., 2014; Hackenberg, et al., 2012; Pandey, et al., 2014; Wu, et
al., 2009a; Xie, et al., 2015; Gao, et al., 2010a; Gupta, et al., 2014; Cui, et al., 2014;
Liang, et al., 2012). Figure 2.11A-C shows that miR396, miR156 and miR172 were all
down-regulated in transgenic plants overexpressing Osa-miR528, suggesting a potential
crosstalk of miR528 with other miRNAs in the regulatory network to orchestrate plant
response to stress. It should be noted that since these miRNAs are also predominantly
involved in development, miR156/miR172 control phase change and flowering time
(Huijser and Schmid, 2011), and miR396 controls cell development and proliferation in
leaves (Rodriguez, et al., 2010). It is possible that these miRNA changes in the transgenic
plants may reflect their crosstalk with miR528 to contribute to the changes in plant
development, leading to altered plant morphology observed in miR528 transgenic plants.
Besides its crosstalk with other miRNAs, miR528 was also examined for its potential
impact on the expression of other stress-related genes. NAM, ATAF and CUC (NAC)
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proteins play an important role in plant environmental stress tolerance (Koyama, et al.,
2010). ONAC60 (Os12g41680), one of the NAC family members in rice, is significantly
up-regulated by high salinity (Nuruzzaman, et al., 2010). We examined the expression of
AsNAC60, an ortholog of ONAC60 in creeping bentgrass (Zhou, et al., 2013). Figure
2.11D shows that AsNAC60 was up-regulated in three transgenic lines, suggesting that
miR528 may indirectly regulate AsNAC60 expression, which contributes to the concerted
plant response to stress.
2.3 Discussion
MiR528-mediated plant development
MiRNAs play diverse roles in plant development. However, there has been no report
so far demonstrating the involvement of miR528 in plant development at the vegetative
stage growth. In this study, we show that transgenic creeping bentgrass overexpressing
Osa-miR528 exhibits thicker leaves, more vascular bundles, more tillers, shorter
internodes and tillers, and more upright growth than WT controls. Less vertical plant
growth due to shortened internodes resulting in a dwarf phenotype is one of the desirable
traits in turfgrass. Increased tiller number that results in denser, more attractive and
uniform communities is another desirable turf trait.
Lignin contributes to the structural rigidity of the cell wall, which is required to keep
plants continuously erect. MiR528-expressing transgenic creeping bentgrass has more
vascular bundles than WT controls, suggesting that miR528 transgenics might contain
more lignin than WT controls. This is supported by the more upright growth of transgenic
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plants than WT controls, (Figure A-1C). Further study of the difference in lignin content
and cell wall structure between WT and TG plants should provide evidence for a better
understanding of miR528-mediated alteration in plant development.
Lodging largely reduces crop yield and grain quality. Strong and short stems are
essential in plant lodging resistance. MiR528 transgenic plants with increased vascular
bundles and probably higher lignin contents contribute to the stronger stems than WT
controls. It is likely that the stronger stems of the TG plants would lead to an enhanced
lodging resistance. Additionally, shorter internodes and shorter tiller length of the
transgenics would also account for increased lodging resistance. To our knowledge, there
have been no studies showing miRNA-mediated plant lodging responses. Our data
demonstrate the possible involvement of miR528 in plant response to lodging stress via
regulating plant architecture.
ROS scavenging and abiotic stress resistance
Antioxidants such as AA and glutathione, and ROS-scavenging enzymes such as
SOD, CAT, and ascorbate peroxidase play important roles in protecting plants against
abiotic stresses (Koussevitzky, et al., 2008; Leshem, et al., 2006; Wang, et al., 2005;
Rizhsky, et al., 2004). Among the predicted targets of miR528 in rice, AAO, laccase
precursor protein, and Zn/Cu SOD are involved in ROS detoxification, and CBP1
encodes a protein belonging to cupredoxin superfamily, which functions in oxidation
homeostasis and electron transfer reactions, suggesting the critical role of miR528 in
plant abiotic stress tolerance. In Zn-deficient sorghum (Sorghum bicolor), miR528 is
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down-regulated in young leaves while the gene expression and the enzyme activity of
Zn/Cu SOD are increased (Li, et al., 2013). In transgenic creeping bentgrass
overexpressing miR528, the enzyme activity of SOD does not show significant difference
between WT and TG plants before and after salinity stress. Further studies by cloning and
analyzing genes encoding Zn/Cu SOD will provide information for a better
understanding of the interaction between SOD and miR528 in creeping bentgrass.
CAT, mainly localized in peroxisomes, serves as an efficient ROS scavenger to
remove excessive H2O2 to avoid oxidative damage (Mhamdi, et al., 2010). In this study,
TG plants show increased H2O2 scavenging, indicating that they have an enhanced
capacity of balancing between ROS accumulation and scavenging compared to WT
controls, and thus leading to enhanced salinity resistance. Many CATs are regulated by
developmental and environmental oxidative stresses (Chen, et al., 2012; Du, et al., 2008).
In Capsicum annuum, a CAT gene is induced under NaCl treatment (Kwon and An,
2001). Among the predicted targets of miR528, however, there is no gene encoding CAT.
Presumably, other factors triggered by miR528 overexpression cause the increased CAT
activity and contribute to the increased salt tolerance.
Environmental stimuli trigger an oxidative burst mainly caused by the changes in
redox state. AA is the major redox buffer in plants, while AAO catalyzes the oxidation of
AA to dehydroascorbic acid via dehydroascorbate. Previous studies indicates that the
redox state of the AA pool in plants is regulated by AAO (Pignocchi and Foyer, 2003;
Pignocchi, et al., 2003). Transgenic tobacco overexpressing AAO leads to increased
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ozone sensitivity due to the oxidized AA pool in the apoplast, the first line of defense
against ROS (Pignocchi and Foyer, 2003; Sanmartin, et al., 2003). In this study, AAO is
predicted to be the direct target of miR528. In addition, TG plants exhibit significantly
lower AAO activity than WT controls under salinity and N deficiency conditions (Figure
2.9A), which would presumably result in enhanced capacity of maintaining AA redox
state in transgenics, and thereby enhancing plant oxidative stress resistance.
Leaf senescence is an age-dependent and highly regulated degenerative process.
Accumulation of ROS is a signal to trigger leaf senescence. In this study, transgenic
plants exhibit less degree of leaf senescence than WT controls under normal growth
conditions (Figure A-4). Given that miR528 plants show enhanced CAT activity, and
consequently, increased capacity of ROS-scavenging, it is therefore plausible to speculate
that overexpression of miR528 delays the process of leaf senescence in transgenic plants.
Although leaf senescence is a genetically programmed and tightly controlled process, it is
also

influenced

by

various

environmental

cues

(Becker

and

Apel,

1993;

BuchananǦWollaston, et al., 2005). Under salinity and N deficiency, miR528 plants
display less degree of leaf senescence than WT controls as observed in normal growth
conditions, indicating a decreased leaf senescence rate in TG plants. It is likely that the
increased CAT activity and decreased AAO activity in transgenics lead to the enhanced
ROS scavenging, and consequently delayed leaf senescence.
K+: Na+ ratio and high salinity resistance
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Elevated cellular Na+ contents result in the inhibition of K+ absorption due to the
physiochemical similarity between Na+ and K+, and consequently, a lack of
discrimination between them during cation transporting and enzyme reactions (Maathuis
and Amtmann, 1999). As K+ participates in many important processes during
metabolism, growth, and stress response, it is critical to maintain a high cytosolic K+: Na+
ratio. In this study, the K+ :Na+ ratio is significantly increased in three transgenic lines in
comparison with WT controls under salinity stress due to the increased capacity of
maintaining stable K+ acquisition and distribution (Figure 2.5, F and H), which results in
enhanced salt tolerance in miR528 plants. Further gene expression analysis reveals that
the stable K+ acquisition in transgenics is associated with the increased expression of
HAK5, a high-affinity K+ transporter (Figure 2.6). Similar results were also reported in
rice. OsHAK5 knockout mutant exhibit severely impaired K+ influx and transport,
decreased K+: Na+ ratio, and sensitivity to salt stress compared to WT rice; whereas
OsHAK5 overexpression leads to increased K+ uptake and K+: Na+ ratio, and enhanced
salt stress tolerance in transgenic rice plants (Yang, et al., 2014).
Interestingly, miR528 transgenic leaves show significantly higher Na+ contents than
WT controls under normal growth conditions (Figure 2.5A), whereas Na+ contents are
similar in WT and TG plants during salt treatment (Figure 2.5B). The similar phenomena
have also been observed previously in other plant species. A study based on more than
300 Arabidopsis accessions shows that plants growing in high saline soil have higher Na+
accumulation in leaves than other organs (Baxter, et al., 2010). The elevated Na+ in
leaves results from a weak allele of AtHKT1;1, which promotes the accumulation of Na+
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in leaves without Na+ toxicity (Baxter, et al., 2010). Similarly, a transgenic barley
overexpressing HvHKT2;1 exhibits elevated shoot Na+ accumulation and enhanced salt
stress tolerance (Mian, et al., 2011). We speculate that the elevated Na+ in miR528
transgenic leaves is the result of a salt inclusion mechanism for osmotic adjustment
during salt stress. In this study, the similar accumulation of Na+ in WT and TG plants
might account for the saturated Na+ environment under severe salt stress treatment.
Further test under moderate salt conditions and analysis of the main membrane
transporters in transgenic plants overexpressing miR528 would allow a better
understanding towards miR528-mediated Na+ uptake and distribution in plants.
N assimilation and N deficiency tolerance
N is one of the most critical elements for crop productivity. Currently, 67% of the N
applied to soil is lost into the environment (Abrol and Raghuram, 2007). Though the form
and the amount of N available to plants can be improved via optimizing N management,
the efficiency of N utilization has to be tackled biologically. NUE mainly includes N
uptake and N assimilation. Many attempts have been made so far towards manipulating
key genes in the process of these two steps (Fei, et al., 2003; Ferrario-Mery, et al., 1998;
Limami, et al., 1999). However, the success is limited. For example, constitutive
expression of NiR in Arabidopsis and tobacco leads to increased transcription of NiR, but
decreased enzyme activity of NiR due to post-translational modification (Crété, et al.,
1997; Takahashi, et al., 2001). In this study, miR528 transgenic plants exhibit increased
transcript levels of AsNiR (Figure 2.8A) and enzyme activity (Figure 2.8B), which might
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contribute to increased N assimilation efficiency and better NUE. The molecular
mechanisms of miR528-mediated AsNiR regulation remain elusive. It is hypothesized
that the expression of AsNiR might be controlled by either the targets of miR528, or some
other factors triggered by miR528, or directly by miR528 itself at transcriptional, posttranscriptional or post-translational levels. Interestingly, NiR activity in both WT and TG
plants increases under N starvation compared to normal conditions, suggesting the
involvement of other factors in the regulation of NiR activity.
Given the improved shoot biomass and total N content in TG plants in comparison
with WT controls during N deficiency (Figure 2.7H), it is likely that TG plants have
increased N uptake or assimilation, or the total NUE. Expression levels of genes
encoding key enzymes of NR, NiR, GS, and GOGAT in the N assimilation pathway have
been compared between WT and TG plants. Further study characterizing important
nitrate transporters in WT and miR528 transgenic plants will allow a better understanding
towards the enhanced tolerance to N deficiency.
Excessive N limits plant uptake of other nutritional elements, such as potassium and
phosphorus, and subsequently, results in reduced biomass accumulation compared to Nsufficient conditions as observed in this study (Figure 2.7, B, E and F). Interestingly,
miR528 transgenics display significantly higher shoot biomass and total N contents than
WT controls under excessive N supply (Figure 2.7, B, D-F and H). It is therefore
hypothesized that miR528 might be an important regulator functioning in buffering the
imbalanced mineral elements. As discussed above, miR528 promotes AsHAK5, which
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functions in maintaining the potassium acquisition. It is also likely that other factors
impacted by miR528 might be more directly involved in maintaining the homeostasis of
different nutritional elements during N-excessive conditions, and subsequently leading to
the improved biomass in TG plants.
Molecular mechanisms of miR528-mediated plant salt and N deficiency resistance

Figure 2.12 A hypothetical model of the molecular mechanisms of miR528-mediated plant abiotic stress
response in creeping bentgrass. MiR528 is induced during salinity stress, but down-regulated under N
deficiency. MiR528 mediates plant abiotic stress responses through directly repressing the expression of its
targets AsAAO and AsCBP1, which regulate the oxidation homeostasis during abiotic stresses. In addition,
miR528 positively regulates AsNAC60, AsHAK5, AsNiR and the gene encoding antioxidant enzyme CAT,
which leads to the enhanced tolerance to salinity stress and N deficiency. Furthermore, expression levels of
other stress-related miRNAs are negatively regulated by miR528, suggesting that different miRNAs form a
regulatory network to coordinately integrate various signals in response to plant abiotic stress.

The accumulation of miR528 is elevated during salt stress (Figure 2.1A), which might
cause reduced transcript levels of its predicted targets AsAAO and AsCBP1 (Figure 2.9).
Both targets are suggested to mediate oxidation homeostasis and thus prevent damage to
cellular components. Besides the direct targets of miR528, genes involved in other
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signaling pathways also contribute to the enhanced salt stress tolerance. A high-affinity
K+ transporter AsHAK5, induced in transgenic creeping bentgrass overexpressing
miR528 (Figure 2.6), is critical for maintaining the K+ homeostasis during normal and
salinity conditions. Moreover, miR528 induces the activity of CAT, and therefore
maintains the ROS homeostasis under abiotic stress. In addition to functional proteins,
miR528 also positively regulates AsNAC60 (Figure 2.11D), which is a creeping bentgrass
orthologue of a salt stress-induced transcription factor, suggesting the importance of
AsNAC60 in miR528-mediated salt stress tolerance in creeping bentgrass. MiR528 is
gradually repressed during N deficiency (Figure 2.1C), and therefore releasing the
inhibition of its targets, which contribute to the oxidation homeostasis. AsNiR, a key
enzyme in the N assimilation pathway, is positively regulated by miR528 (Figure 2.8B).
The enhanced NUE is presumably attributed to the increased AsNiR activity. MiRNAs
are suggested to serve as master regulators in the complex regulatory network of plant
response to abiotic stress (Zhou and Luo, 2013). The impact of miR528 on the expression
of other stress-related miRNAs observed in this study (Figure 2.11, A-C) suggests
coordinated interactions of multiple stress regulators, leading to the enhanced salt and N
deficiency tolerance. The hypothetical model of miR528-mediated plant abiotic stress
response pathway (Figure 2.12) provides information allowing development of novel
molecular strategies to genetically engineer crop species for enhanced environmental
stress tolerance.
2.4 Materials and methods
Cloning of the miR528 gene and plasmid construction
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The 550 bp rice cDNA (AK073820) containing the Osa-miR528 stem-loop structure
was

isolated

by

PCR

using

the

forward

and

reverse

primer

set

5’-

TCTAGAGATCAGCAGCAGCCACA-3’ and 5’-GTCGACGACCAAATAATGTGTT
ACTG-3’, which contained an XbaI and a SalI restriction sites (underlined), respectively.
PCR products were cloned into the binary vector pZH01 (Xiao, et al., 2003), generating
the Osa-miR528 overexpression gene construct, p35S-Osa-miR528/p35S-hyg. The
construct contains the cauliflower mosaic virus 35S (CaMV 35S) promoter driving OsamiR528 linked to the CaMV 35S promoter driving the hyg gene for hygromycin
resistance as a selectable marker. For subsequent plant transformation, the construct was
transferred into Agrobacterium tumefaciens strain LBA4404.
Plant materials and transformation
Creeping bentgrass cultivar ‘Penn A-4’ (supplied by HybriGene) was used for plant
transformation. Transgenic plants constitutively expressing Osa-miR528 were produced
via Agrobacterium-mediated transformation of embryonic callus induced from mature
seeds as described previously (Luo, et al., 2004).
Plant propagation, maintenance, and abiotic stress treatments
The regenerated transgenic plants overexpressing Osa-miR528 and WT controls were
clonally propagated from tillers and maintained as described previously (Zhou, et al.,
2013).
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For salt stress treatments, plants grown in cone-tainers were immersed in the 200 mM
NaCl solution supplemented with 0.2 g/L water-soluble fertilizer. After a nine-day salt
treatment, shoots and roots were harvested for further physiological analysis. Replicates
of the salt-treated plants have recovered from salt stress by watering with 0.2 g/L watersoluble fertilizer every other day and were photographed for documentation. For miR528
expression analysis, WT leaves were collected at 0, 1.5, 3, and 6 h after salt stress
treatment.
To test the performance of WT and TG plants under different concentrations of N,
plants grown in cone-tainers were immersed in modified MS nutrient solution of pH 5.7
containing 3 mM CaCl2•2H2O, 1.5 mM MgSO4•7H2O, 1.25 mM KH2PO4, 0.1 mM
H3BO3, 0.1 mM MnSO4•4H2O, 0.1 mM ZnSO4•H2O, 0.5 μM KI, 0.56 μM NaMO4•2
H2O, 0.1 μM CuSO4•5H2O, 0.1 μM CoCl2•6H2O, 0.1 mM FeSO4•7H2O, 0.1 mM
Na2EDTA•2H2O, supplemented with N of different concentrations (0.4, 2, 10 or 40 mM).
N supplies include KNO3 and NH4NO3. Equivalent amounts of KCl were added to the
nutrient solutions to maintain the osmotic potential and prevent potassium deficiency
caused by low supplies of KNO3. For miR528 expression analysis, WT plants were
immersed in modified MS nutrient solution without N. WT leaves were collected at 0, 2,
5, 8 and 12 d after N starvation treatment.
The expression profile of miR528 during drought stress was analyzed in WT creeping
bentgrass leaves. WT plants grew hydroponically with 0.2 g/L water-soluble fertilizer.
Right before the drought treatment, the plants were taken out of the nutritional solution
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and dried with paper towel. They were then laid down on the bench for air-drying. The
leaf samples were collected at 0, 1, 2 and 4 h after drought treatment.
Plant DNA, RNA isolation and expression analysis
Plant genomic DNA was extracted from 30 mg of fresh leaves following Luo’s
protocol (Luo, et al., 1995). Plant total RNA was isolated from 100 mg of fresh leaves
using Trizol reagent (Invitrogen) following the manufacturer’s protocol. First strand
cDNA was synthesized from 2 μg of RNA with SuperScript II Reverse Transcriptase
(Invitrogen) and oligo (dT) or gene specific primers. The semi-quantitative RT-PCR was
conducted on 24 to 30 cycles based on its exponential phase. PCR products were
separated by electrophoresis using 0.8% or 1.5% agarose gel, visualized and
photographed with BioDoc-It imaging system (UVP LLC).
Quantitative RT-PCR (RT-qPCR) was performed with 12.5μL of iQ SYBR-Green
Super-mix (Bio-Rad Laboratories) per 25 μL reaction system. The green fluorescence
signal was monitored on the Bio-Rad iQ5 real-time detection system by using iQ5
Optical System Software version 2.0 (Bio-Rad Laboratories). AsACT1 (JX644005) and
AsUBQ5 (JX570760) were used as endogenous controls. The relative changes of gene
expression were calculated based on the 2-¨¨CT method (Livak and Schmittgen, 2001).
Stem-loop RT-qPCR was performed according to the protocol by Varkonyi-Gasicet
al. (Varkonyi-Gasic, et al., 2007). The Osa-miR528 stem-loop RT primer and PCR
forward primer are 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA
TACGACCTCCTC-3’ and 5’-GCAGTGGAAGGGGCATGCA-3', respectively.
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Measurement of mineral content
For Na+ and K+ content measurements, leaves and roots of WT and transgenic plants
were collected before and after a nine-day 200 mM NaCl solution treatment. For total N
measurement, WT and transgenic plant leaves were collected after four weeks of
treatments with different concentrations of N, including 0.4, 2, 10 and 40 mM. 0.2 gram
of each dried sample for total N measurement and 0.5 gram of each dried sample for Na+
and K+ content measurements were analyzed to determine the mineral content according
to previous protocols (Haynes, 1980; Li, et al., 2010).
Measurement of leaf RWC, EL, chlorophyll and proline contents
Plant leaf RWC, EL, chlorophyll a and b, as well as proline contents were measured
following previous protocols (Bates, et al., 1973; Li, et al., 2010).
Antioxidant enzyme assay
A total of 0.1 gram of leaves were weighed and homogenized immediately in 1 mL of
0.05 M Phosphate Buffered Saline at pH 7.8 on ice and centrifuged at 14,000 × g for 30
min at 4 ƕC. The supernatant of each sample was transferred to a new 1.5 mL eppendorf
tube and stored on ice for further enzyme assay. The activity of SOD (EC 1.15.1.1) was
determined as described previously (Giannopolitis and Ries, 1977). One unit of SOD
activity was defined as the amount of enzyme required to inhibit 50% reduction rate of
nitro blue tetrazolium chloride.
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The activity of CAT (EC 1.11.7.6) was determined as described previously (Maehly
and Chance, 1954). The decomposition of H2O2 was measured by the decrease of
absorbance at 240 nm for 1 min. An enzyme unit was defined as the amount of enzyme
necessary to decompose 1 μM of H2O2 at 25ƕC in 1 min.
NiR assay (EC 1.7.2.1)
NiR activity was measured by a spectrophotometric assay as described previously
(Losada and Paneque, 1971). The nitrite content was calculated from a KNO2 standard
curve. NiR activity was determined by the reduction of nitrite that was catalyzed by the
enzyme in 1 mg of soluble protein per hour. Protein contents were measured according to
the Bradford Dye-binding method (Bradford, 1976).
AAO assay (EC 1.10.3.3)
The activity of AAO was determined spectrophotometrically at 25ƕC following the
decrease in absorbance of ascorbic acid (AsA) at 265 nm as described previously (Esaka,
et al., 1988). The activity of AAO was determined as:
Activity (U • mg-1protein) = (¨A265 /min) × 2 × dilution factor/(e × 0.05 × total protein)
[e = 13.386 mM-1cm-1 (an extinction coefficient for AsA at 265 nm); total volume = 2
mL; enzyme volume = 0.05 mL]
Plant histology analysis
The second and third internodes from the top tillers and the fully expanded leaves of
WT and TG plants were collected and immersed in formalin-acetic-alcohol fixation for
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48 hours at room temperature. After fixation, plant tissues were dehydrated with a series
of graded ethanol from 70% to 100%, followed by paraffin wax infiltration. Tissues were
then embedded in paraffin blocks to process section using the rotary microtome (RM
2165, Leica). Sections were stained using toluidine blue and observed under stereo
microscope (MEIJI EM-5). Photographs were taken using 35 mm SLR camera body
(Canon) connected to a microscope. Scale bars were added to photographs using ImageJ
(Abràmoff, et al., 2004).
Sequence data from this article can be found in GenBank under accession numbers
KR911823, KR911824, KR911825, KR911826, KR911827, KR911828, and KR911829.
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CHAPTER III - CONSTITUTIVE EXPRESSION OF MIR396C
ALTERS PLANT DEVELOPMENT AND ENHANCES SALT STRESS
TOLERANCE IN TRANSGENIC CREEPING BENTGRASS

Abstract
The conserved microRNA miR396 is involved in plant growth, development, and
abiotic stress response in multiple plant species through regulating its targets, Growth
Regulating Factor transcription factor genes. However, the role of miR396 has not yet
been characterized in perennial monocot species. In addition, the molecular mechanism
of miR396-mediated abiotic stress response remains unclear. To elucidate the role of
miR396 in perennial monocot species, we generated transgenic creeping bentgrass
(Agrostis stolonifera) overexpressing Osa-miR396c, a rice miRNA. Transgenic plants
exhibited altered development, including less shoot and root biomass, shorter internodes,
smaller leaf area, fewer leaf veins and epidermis cells per unit area than those of wildtype controls. In addition, transgenics showed enhanced salt tolerance associated with
improved water and chlorophyll retention, cell membrane integrity, and Na+ exclusion
during high salinity exposure. Four potential targets of miR396 were identified in
creeping bentgrass and up-regulated in response to salt stress. RNA-seq analysis indicates
that miR396-mediated salt stress tolerance requires the coordination of stress-related
functional proteins (antioxidant enzymes and Na+/H+ antiporter) and regulatory proteins
(transcription factors and protein kinases). This study establishes a molecular pathway to
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connect the upstream regulatory and downstream functional elements, and provides
insight into the miRNA-mediated regulatory networks.
3.1 Introduction
Soil salinity is a major constraint for crop productivity. High Na+ content during salt
stress results in ionic stress because of the disturbed intracellular ion homeostasis
(Hasegawa, et al., 2000). Excess Na+ negatively affects K+ uptake because of their similar
chemical properties, and thereby leads to the inhibition of many K+-dependent biological
processes, such as protein synthesis, enzymatic reactions, and photosynthesis. To
alleviate ionic stress and maintain a high K+: Na+ ratio, plants have evolved adaptive
strategies of cytosolic Na+ exclusion and vacuolar Na+ sequestration. Currently, several
classes of Na+ transporters have been identified to play central roles in these adaptive
strategies during high salinity exposure (Uozumi and Schroeder, 2010; Apse and
Blumwald, 2007; Hauser and Horie, 2010). The best-characterized Na+ transporters
which alleviate excess Na+ through compartmentalizing Na+ into the vacuoles are NHX
transporters via mediating intracellular Na+/H+ and K+/H+ antiport (Blumwald, 2000).
Studies in various plant species show that overexpression of NHX genes confers
enhanced high salinity tolerance and elevated relative Na+ content in plant tissue (Apse,
et al., 1999; Agarwal, et al., 2013; Zhang, et al., 2001). Besides Na+ sequestration, the
mechanism of Na+ exclusion has been well elucidated through characterization of salinity
overly sensitive 1 (SOS1) transporters, which mediate Na+/H+ antiport across the plasma
membrane (Wu, et al., 1996). The SOS signaling pathway in response to salt stress has
been proposed in Arabidopsis, in which the calcium binding protein AtSOS3 activates the
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kinase activity of AtSOS2 to further activate AtSOS1 through the direct phosphorylation
(Qiu, et al., 2002; Quan, et al., 2007; Quintero, et al., 2011). Overexpression of AtSOS1
has been shown to lead to enhanced salt tolerance in transgenic Arabidopsis (Yang, et al.,
2009b).
Salt stress also induces osmotic stress due to the accumulation of Na+ in the apoplast,
thereby elevating osmotic gradient between inside and outside of the cells. In response to
osmotic stress, certain organic solutes called osmoprotenctants (such as proline, sugars,
mannitol etc.) are produced in the cytoplasm to maintain cell turgor pressure (Ben
Ahmed, et al., 2010). A previous study indicates that transgenic rice accumulating sugar
trehalose exhibits enhanced abiotic stress tolerance (Garg, et al., 2002).
In addition, salt stress leads to enhanced production of reactive oxygen species
(ROS), such as superoxide, hydrogen peroxide, hydroxyl radical and singlet oxygen,
which trigger cell oxidative damage and ultimately cell death (Sharma, et al., 2012).
Antioxidant enzymes, such as superoxide dismutase, catalase, guaiacol peroxidase,
ascorbate peroxidase, dehydroascorbate reductase, and glutathione reductase, play an
essential role in scavenging the overproduced ROS. Overexpression of genes encoding
these antioxidants confers enhanced tolerance to salt and other abiotic stresses in a
variety of plant species (Gupta, et al., 1993; Guan, et al., 2009; Eltayeb, et al., 2007).
Besides these functional proteins, regulatory roles of transcription factors (TFs),
protein kinases, and phosphatases have also been well documented in the plant response
to salt stress. Recently, the regulatory role of microRNAs (miRNAs) in plant response to
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salt and other environmental stresses has been gradually revealed. For example,
transgenic Arabidopsis with higher expression levels of miR408 exhibits enhanced
tolerance to salt, cold, and oxidative stresses, but reduced tolerance to drought and
osmotic stresses (Ma, et al., 2015). MiR408-mediated plant abiotic stress response is
associated with enhanced cellular antioxidant capacity and reduced ROS production (Ma,
et al., 2015). Another recent study shows that constitutive expression of Osa-miR528
confers enhanced salt and nitrogen-deficiency tolerance in transgenic creeping bentgrass,
which is associated with up-regulation of K+ transporter gene HAK5, the increased
activities of nitrite reductase and antioxidant enzymes, altered expression of other stressrelated TF and small RNAs, and the repression of its direct targets (Yuan, et al., 2015).
These results strongly suggest that miRNAs coordinate multiple stress-responsive
pathways to cope with abiotic stress.
MiR396 is a conserved miRNA, and presents in both monocots and dicots. It
performs post-transcriptional gene regulation through repressing its targets, Growth
Regulating Factors (GRFs). The role of miR396 in plant growth and development has
been well characterized. Morphologically, transgenic plants constitutively expressing
miR396 display shorter plants and narrower leaves than WT controls in Arabidopsis and
tobacco because of reduced cell numbers in leaf (Kim, et al., 2003; Yang, et al., 2009a;
Rodriguez, et al., 2010). A similar phenotype was observed in atgrf1 atgrf2 atgrf3 triple
mutants (Kim, et al., 2003). In addition, transgenic tobacco overexpressing miR396
showed cotyledon fusion and lack of a shoot apical meristem (Baucher, et al., 2013).
Recent study shows that AtGRF5 participates in the control of leaf senescence
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(Debernardi, et al., 2014). Transgenic Arabidopsis overexpressing miR396 causes an
early senescence phenotype (Debernardi, et al., 2014). MiR396 is also involved in plant
response to various abiotic stresses. At-miR396 was induced under UV-B radiation
resulting in inhibited cell division in proliferating tissues (Casadevall, et al., 2013).
Transcription of tomato miR396a (Sp-miR396) is up-regulated under salt and drought
stresses (Young, et al., 2010; Chen, et al., 2015). Transgenic tobacco overexpressing SpmiR396a

exhibits enhanced stress resistance to salt, drought, and cold due to the

improved osmoregulation and decreased accumulation of reactive oxygen species (ROS)
(Chen, et al., 2015). In contrast, transgenic rice and Arabidopsis constitutively expressing
Osa-miR396c results in reduced salt and alkali stress tolerance in comparison with wildtype plants (Gao, et al., 2010). The opposite responses to salt stress in different plant
species suggest a species-specific function of miR396. Currently, the role of miR396 has
not been elucidated in perennial monocot species. In addition, the underlying molecular
mechanisms of miR396-mediated plant resistance to salt and other environmental stresses
remain unclear.
In this study, we generated transgenic (TG) creeping bentgrass plants constitutively
expressing rice miR396 to investigate the role of miR396 in plant development and
response to salt stress in this perennial monocot species. MiR396 TG plants display
altered leaf morphology and tillering, and improved salt stress tolerance in comparison
with wild-type (WT) controls. Further, genome-wide analysis in miR396 TG plants vs.
WT controls elucidates the possible regulatory pathway for miR396-mediated salt or
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other environmental stress responses, which provides insight into the central role of
miR396 in the regulatory network.
3.2 Results
MiR396 is regulated by salt stress
Previous studies showed that miR396 responds to salt stress in various plant species,
however, the expression profiles are different. For example, miR396 is down-regulated
under salt stress in rice, Spartina alternaiflora, Populus cathayana, and Salix
matsudanabut Koidz, but up-regulated in tomato (Chen, et al., 2015; Zhou, et al., 2012;
Qin, et al., 2015; Gao, et al., 2010). To investigate the role of miR396 in response to salt
stress in creeping bentgrass, we verify its response to salt stress through analyzing its
expression profile. Stem-loop RT-qPCR analysis showed that miR396c was gradually upregulated from 0 to 3 h salt treatment, and then declined at 6 h salt treatment but still
elevated compared to 0 h control (Figure 3.1). The result suggests that miR396 might act
as a positive regulator in plant salt stress response.

Figure 3.1 Expression profiles of miR396c in response to salt stress. WT creeping bentgrass plants were
treated by applying 200 mM NaCl. Leaf samples at 0, 1.5, 3, and 6 h were collected for analyzing relative
expression levels of mature miR396 under salt stress via stem-loop RT-qPCR. The relative changes in gene
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expression were calculated based on the 2í¨¨CT method. UBIQUITIN5 (AsUBQ5) was used as reference
gene. Data are presented as means of three technical replicates, and error bars represent ±SE.

Generation of transgenic creeping bentgrass constitutively expressing Osa-miR396c

Figure 3.2 Generation of transgenic creeping bentgrass constitutively expressing Osa-miR396c. (a) OsamiR396c gene constitutive expression construct of p35S-Osa-miR396c/p35S-Hyg. CaMV35S: Cauliflower
Mosaic Virus 35S promoter. Hyg: the hygromycin resistance gene. RB: right border; LB: left border. (b)
Examples of PCR analysis to amplify Hyg gene using genomic DNA of WT and TG plants. (c) Semiquantitative RT-PCR analysis to compare the expression levels of primary Osa-miR396c in WT and TG
plants. (d) Stem-loop RT-qPCR analysis to detect the expression of mature Osa-miR396c in TG and WT
plants. The relative changes in gene expression were calculated based on the 2í¨¨CT method. AsUBQ5 was
used as an endogenous control. Data are presented as means of three technical replicates, and error bars
represent ±SE. Asterisks (** or ***) indicate a significant difference of expression levels between WT and
each transgenic line at P<0.01 or 0.001 by Student’s t-test.

After confirming that miR396c responds to salt stress, we generated transgenic
creeping bentgrass constitutively expressing a rice gene, Osa-miR396c to further study
the role of miR396 in plant adaption to salt stress (Figure 3.2a). The constitutive
expression construct of miR396 was introduced into WT plants via Agrobacterium
tumefaciens-mediated transformation. The selectable marker Hyg gene with hygromycin
resistance was amplified from the genomic DNA of regenerated TG plants and WT
controls for transgenic event selection (Figure 3.2b). Then the expression levels of primiR396c and mature miR396c were compared between WT and TG plants to determine
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whether the rice pri-miR396c was successfully integrated into the genome of creeping
bentgrass, transcribed, and properly processed (Figure 3.2c, d). We generated a total of
32 individual TG events, which exhibit two phenotypes, including coarse leaf (CL) and
fine leaf (FL). In this study, TG2 (FL) and TG7 (CL) were used for further development
analysis. Due to the extremely slow growth rate of FL lines, TG7 and TG14 (CL) were
used for subsequent stress test.
Transgenic creeping bentgrass overexpressing miR396c exhibits altered plant
development
To study if miR396 is implicated in the development of creeping bentgrass, 10-week
old WT and TG plants each initiated from a single tiller were compared. As shown in
Figure 3.3a, transgenic plants produced smaller shoots and fewer roots than those of WT
controls. As a result, TG platns had significantly reduced biomass accumulation in both
shoot and root compared to WT controls (Figure 3.3f, g). Further analysis of tiller growth
indicates that the reduced shoot biomass in TG plants is associated with the shorter tiller
length and/or low tiller number in comparison with WT controls (Figure 3.3c, h). The
average length of the internodes from the longest transgenic tillers is significantly
reduced compared with that of the WT tillers (Figure 3.3b, d, i), resulting in reduced tiller
length in transgenics. When comparing leaf morphology between WT and TG plants,
although transgenic leaves display CL and FL phenotypes, they are all narrower and
shorter than WT leaves (Figure 3.3b, e, j, k), which is similar to the morphology changes
observed in transgenic Arabidopsis and tobacco with constitutive expression of miR396
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(Yang, et al., 2009b; Rodriguez, et al., 2010). The result suggests that the role of miR396
in controlling leaf development is conserved between monocots and dicots.
Previous study indicates that miR396 is involved in cell proliferation (Rodriguez, et
al., 2010). To detect the impact of miR396 at cellular level, we cross-sectioned leaves and
stems in WT and TG plants followed by histological analysis. As shown in Figure 3.4a
and c, two transgenic lines have significantly fewer leaf veins than WT controls, resulting
in narrower leaves. TG2 plants with FL phenotype displayed reduced stem diameter and a
reduced number of vascular bundles, while TG7 plants with the CL phenotype did not
show a significant difference from WT controls (Figure 3.4b, d, e). To investigate if the
smaller leaf size in TG plants is attributed to the reduced cell proliferation, we compared
the number of leaf epidermis cells in WT and TG plants. The result shows that the leaf
epidermis cells in TG plants are significantly reduced compared to WT controls (Figure
3.4f, g), implying that miR396 is a negative regulator in cell proliferation.
MiR396 transgenic plants exhibit enhanced salt tolerance associated with improved
water retention and cell membrane integrity, increased chlorophyll contents, and
decreased proline contents under salt stress
To study the role of miR396 in plant response to salt stress in creeping bentgrass, we
conducted salt stress treatment by applying 250 mM NaCl to WT and two transgenic
lines, TG7 and TG14 for 8 days followed by a 10-day recovery. Before the stress test,
WT and TG plants initiating from the same number of tillers were mowed to the same
height. After NaCl treatment and during recovery, most of the WT leaves senesced and
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turned yellow, while most of the transgenic leaves remained green with less damage
(Figure 3.5a), indicating that overexpression of miR396c leads to enhanced salt tolerance
in TG plants.

Figure 3.3 Plant tillering and development. (a) Ten-week-old WT and TG plants after initiation from a
single tiller. Scale bar, 10 cm. (b) Representative leaves and internodes of WT and TG plants after initiation
from single tillers. Scale bar, 2 cm. (c) Close up of the longest tillers from WT and TG plants. Scale bar, 5
cm. (d) All internodes from the representative longest tiller were sliced from top to bottom and arranged
from left to right. Scale bar, 5 cm. (e) Three of the topmost fully developed leaves from the representative
tillers of WT and TG plants. Scale bar, 2 cm. (f) Shoot and (g) root dry weight of WT and TG plants at 10
weeks after initiation from a single tiller (n=4). (h) Tiller number in WT and TG plants at five and ten
weeks after initiation from a single tiller (n=5). (i) Average length of the topmost eight internodes from WT
and TG tillers (n=6). (j) Leaf length and (k) leaf width from the representative WT and two transgenic lines
(n=3). Data are showed as means, and error bars represent standard error. A significant difference between
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WT and each transgenic line was indicated with asterisks (*, **, or ***) at P<0.05, 0.01, or 0.001 by
Student’s t-test.

Figure 3.4 Histological analysis of leaf and stem of WT and TG plants. (a) Cross-section images of WT
and TG leaves. Scale bar, 100 μm. (b) Cross-section images of WT and TG stems. Scale bar, 100 μm. (c)
Statistical analysis of leaf vein number between representative WT and TG plants (n=5). (d) Statistical
analysis of the number of vascular bundles between representative WT and TG stems (n=5). (e) Statistical
analysis of stem diameter between WT and two transgenic lines (n=5). (f) The representative leaf epidermis
of WT and two transgenic lines. Scale bar, 50 μm. (g) The number of leaf epidermis cells between WT and
two transgenic lines (n=5). Data are showed as means with standard error. Asterisks (***) indicate a
significant difference between WT and each transgenic line at P<0.001 by Student’s t-test.

To further investigate what causes the enhanced salt tolerance in TG plants at
physiological level, we analyzed leaf relative water content (RWC), leaf electrolyte
leakage (EL), total chlorophyll content, and proline content in WT and TG plants before
and 8 days after 250 mM NaCl treatment. Before the treatment, WT plants and two
transgenic lines have similar RWC (Figure 3.5b). Upon exposure to salt stress, although
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the RWC of both WT and TG plants declined, the decline in TG plants was significantly
less pronounced than that of WT controls (Figure 3.5b), indicating that TG plants have a
better capacity of water retention under salt stress. The EL of WT and TG plants was
similar under normal growth conditions, and then increased dramatically after NaCl
treatment (Figure 3.5c). However, EL in TG plants was significantly lower than that in
WT controls (Figure 3.5c), suggesting that TG plants have improved ability to maintain
cell membrane integrity during salt exposure. Salt stress leads to chlorophyll breakdown
and induces leaf yellowing. In this study, total chlorophyll content of WT and TG plants
was similar before the salt stress test, but declined after salt stress exposure (Figure 3.5d).
However, the decline in WT controls was significantly more pronounced than that in TG
plants (Figure 3.5d), which may contribute to the robustness of photosynthetic system.
Proline is accumulated under salinity conditions and acts as an osmolyte to protect plants
from salt stress-induced toxic oxygen derivatives. Proline contents in WT and miR396
TG creeping bentgrass plants were similar under normal growth conditions, but increased
dramatically after NaCl application (Figure 3.5e). Interestingly, proline content in two
transgenic lines was significantly lower than that in WT controls (Figure 3.5e). It is
likely that the less salt-elicited leaf damage in TG plants triggers less accumulation of
proline than WT controls.
Enhanced salt tolerance in TG plants is associated with reduced Na+ uptake
The adaptive mechanisms of plants in response to salt stress include exclusion of Na+
and/or compartmentalization of Na+ into the vacuole. To elucidate the mechanism of
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miR396-mediated salt tolerance, we compared the Na+ content between WT and TG
plants under normal and salt stress conditions. The result shows that the two transgenic
lines accumulate significantly less Na+ than WT contols under salt stress conditions
(Figure 3.6a), suggesting that the enhanced salt tolerance in miR396 transgenics may be
attributed to the exclusion of Na+.
High concentration of Na+ during salt stress leads to limited K+ uptake and it might
substitute for K+ in some K+-dependent protein interactions within plant cells. Thus, the
ability of K+ retention and a high K+: Na+ ratio is important for salt tolerance. In this
study, the K+ relative content is similar in WT and TG plants under both normal and
stressed conditions (Figure 3.6b), while the K+: Na+ ratio is significantly induced in TG
plants under salinity conditions (Figure 3.6c), which might contribute to the enhanced salt
tolerance.
MiR396 is involved in the regulation of Na+ transporter SOS1
The relatively low Na+ content in TG plants under salt stress conditions might result
from the enhanced ability to extrude Na+ from the cytosol across the plasma membrane.
SOS1 is the best-known Na+ transporter, which functions in Na+ exclusion. To reveal the
molecular mechanism of miR396-mediated salt tolerance, we cloned a partial sequence of
SOS1 in creeping bentgrass and analyzed the expression levels of AsSOS1 in WT and two
transgenic lines. RT-PCR analysis shows that AsSOS1 exhibits elevated expression in TG
plants compared with WT controls (Figure 3.7), suggesting that miR396 mediates salt
tolerance through Na+ excluding mechanism.
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Figure 3.5 Responses of WT plants and transgenic lines under salt stress test. (a) WT and TG plants were
subjected to 250 mM NaCl treatment for 8 days followed by a 10-day recovery. (b) Leaf RWC, (c) leaf
electrolyte leak, (d) total chlorophyll content, and (e) proline content were measured in WT and TG leaves
at 0 day and 8 days of salt stress treatment. DW, dry weight. Data are showed as means (n=4) with standard
error. Asterisks (***) indicate a significant difference between WT and each transgenic line at P<0.001 by
Student’s t-test.

Identification of miR396c putative targets and their responses to salt stress
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Figure 3.6 Na+ and K+ relative contents. (a) Na+ relative content and (b) K+ relative content were measured
before and after salt stress treatment in the leaf tissue of WT and two transgenic lines. (c) K+: Na+ ratio
before and after salt test in WT and two transgenic events. Data are showed as means (n=3) with standard
deviation. Asterisk(s) indicates significant differences between WT and each TG line at *, P<0.05; **,
P<0.01; ***, P< 0.001 by Student’s t-test.

Figure 3.7 Semi-quantitative RT-PCR analysis of the expression levels of AsSOS1 in WT and two
transgenic lines under normal growth conditions. AsUBQ5 was used as the reference gene.

Figure 3.8 Identification of putative miR396c targets in creeping bentgrass. (a) A comparison of
miR396c target sites in the putative targets AsGRF3, AsGRF4, AsGRF5, and AsGRF6 between rice
andcreeping bentgrass. Asterisks indicate the identical RNA sequences. (b) Semi-quantitative RT-PCR
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analysis of AsGRF3, AsGRF4, AsGRF5, and AsGRF6 expression in WT and TG plants. AsUBQ5 was used
as an endogenous control.

To elucidate the molecular mechanism of miR396-mediated plant development and
salt tolerance, we sought to identify the putative targets of miR396 in creeping bentgrass.
It has been reported that the targets of miR396 encode the transcription factors of the
growth regulating factor (GRF) family. In Arabidopsis, GRF gene family contains nine
members (AtGRF1-9), seven of which have miR396 binding site except AtGRF5 and
AtGRF6 (Debernardi, et al., 2012). In rice, twelve members (OsGRF1-12) were
identified, ten of which contain miR396c target site except OsGRF11 and OsGRF12
(Debernardi, et al., 2012). Expression analysis of OsGRFs in WT rice and transgenic rice
overexpressing Osa-miR396d indicates that nine out of twelve OsGRFs are repressed in
TG plants, which are OsGRF1-8 and OsGRF10 (Liu, et al., 2014). In this study, four
GRFs (AsGRF3-6) were successfully cloned in creeping bentgrass based on the sequence
of GRF homologs in rice and Brachypodium. MiR396c target sites in AsGRF3-6 were
identified and compared with the target sites of rice OsGRF3-6 as shown in Figure 3.8a.
The expression of these four genes was repressed in TG2 and TG7 lines compared with
that in WT controls (Figure 3.8b), suggesting that they are the putative targets of
miR396c in creeping bentgrass. GRFs play an essential role in plant leaf, stem, and root
growth and development (Omidbakhshfard, et al., 2015). Therefore, is is plausible to
speculate that the repressed expression of the AsGRFs might contribute to the altered
plant development in miR396 TG creeping bentgrass.
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Next, we analyzed the expression patterns of AsGRFs under salt conditions to
investigate how the miR396-GRF pathway is implicated in plant salt tolerance. Semiquantitative RT-PCR analysis shows that expression levels of AsGRF3-6 are all upregulated in response to 250 mM NaCl treatment (Figure 3.9).

Figure 3.9 Expression profiles of miR396c putative targets in response to salt stress. Transcript levels of
AsGRF3, AsGRF4, AsGRF5, and AsGRF6 were analyzed under 0, 1.5, 3, and 6 h after 250 mM NaCl
treatment using semi-quantitative RT-PCR. AsUBQ5 was used as an endogenous control.

Genome-wide analysis of miR396-mediated plant development and salt stress tolerance
MiRNAs serve as master regulators to integrate different regulatory pathways to
control plant development and cope with abiotic stress. To gain insight into the miR396mediated regulatory network, we performed RNA-seq analysis to study the differentially
expressed genes (DEGs) in miR396 TG plants vs. WT controls. Equal mixtures of RNA
isolated from leaves and shoot apical meristems of non-stressed WT and TG plants were
used for cDNA library preparation. Illumina sequencing generated 4,444,691 contigs,
which were further assembled into 82,819 unigenes with an average size of 995.5 bp. The
reproducibility of RNA-seq analysis was confirmed by multidimensional scaling (MDS)
plot (Figure A-7a), which shows the expected consistency between two biological
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replicates of WT and TG samples, respectively. A volcano plot shows the distribution of
Log2 fold changes (FC) of 17,338 unigenes at false discovery rate (FDR) corrected p
value < 0.05 (Figure A-7b, c). Among the differentially expressed transcripts (Log2 FC >
2 or < -2), 584 are up-regulated and 1027 are down-regulated in TG plants vs. WT
controls.

Figure 3.10 GO enrichment analysis. Significantly enriched GO terms show biological processes of (a) upregulated (log2 FC > 2, over-represented p-value < 0.05) and (b) down-regulated (log2 FC < -2, overrepresented p-value < 0.05) transcripts in TG vs. WT.

Gene ontology enrichment analysis
To identify the putative biological processes of DEGs in TG vs. WT plants, we
performed gene ontology (GO) enrichment analysis. In this study, 9 and 12 GO terms in
the biological process category were significantly enriched (over-represented p-value
<0.05) in the up- and down-regulated genes (log2 FC > 2 or log2 FC < -2), respectively
(Figure 3.10). Among them, significantly enriched GO terms of ‘oxidation-reduction
process’, ‘response to oxidative stress’, and ‘hydrogen peroxide catabolic process’
suggest that miR396 might be involved in the oxidation-reduction process. Salt stress
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results in ROS accumulation in plant cells and creates oxidative environment and
imbalanced redox state. Oxidation-reduction process plays a fundamental role in
regulating redox homeostasis and might contribute to the enhanced salt tolerance in
miR396 TG plants. Besides the stress tolerance-related GO terms, GO terms of ‘DNA
replication’, ‘cell division’, ‘regulation of cell cycle’, and ‘mitotic nuclear division’ were
all significantly enriched in the down-regulated genes (Figure 3.10b), indicating that TG
plants might have less cell division and fewer cell numbers, which is consistent with what
we observe in transgenic leaves.
Differential expression of leaf development- and stress response-related genes
In addition to identify the overrepresented GO terms in the whole DEGs of TG vs.
WT dataset, we also analyzed the leaf development- and stress response-related DEGs.
Significantly enriched GO terms (over-represented p-value < 0.05) in the DEGs (log2 FC
> 1 or log2 FC < -1, FDR corrected p-value < 0.05) were identified, in which the
corresponding genes related to leaf development and environmental stress response were
chosen for generating a heatmap. As shown in Figure 3.11, 201 DEGs had enriched GO
terms of ‘DNA replication’, ‘cell differentiation’, ‘cell division’, ‘leaf development’, etc.
In addition, 603 DEGs had enriched GO terms related to biotic and abiotic stress
responses, including response to cold, salt, heat, drought, wounding, light, heavy metal,
nutrient deficiency, bacterium, virus, and fungus (Figure 3.11). The result demonstrates
that miR396 affects a variety of biological processes.
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Figure 3.11 Differential expression of leaf development- and environmental stress response-related
transcripts. Significantly enriched genes (over-represented p-value < 0.05) from each group were selected
to generate the heatmap. Right to the heatmap shows the number of significantly enriched genes and GO
terms. The color gradient shows the log2-transformation of the read count value.

Validation of expression profiles of candidate genes

Figure 3.12 Semi-quantitative RT-PCR analysis of the expression patterns of DEGs As1053 and As71896
in WT and transgenic (TG7 and TG14) plants under normal growth conditions. AsUBQ5 was used as an
endogens control.
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To validate the expression profiles of DEGs in RNA-seq data, we analyzed
expression levels of candidate genes involved in cell reproduction and environmental
stress response. As1053 is predicted to encode a subunit of anaphase-promoting complex
involved in cell reproduction. RT-PCR analysis shows repressed expression in two
transgenic lines compared with that in WT controls (Figure 3.12), which is in agreement
with RNA-seq result. As71896 is predicted to be a WRKY40 transcription factor gene. Its
transcription is up-regulated in TG plants in comparison with WT controls (Figure 3.12),
which is consistent with the RNA-seq data.
3.3 Discussion
MiR396-mediated plant development during vegetative growth
The miR396-GRF regulatory pathway plays a key role in leaf development.
Overexpression of At-miR396a leads to smaller and narrower leaves through supressing
GRF genes in transgenic tobacco (Yang, et al., 2009a). In this study, transgenic creeping
bentgrass overexpressing Os-miR396c resulted in similar leaf phenotype and downregulated AsGRFs, implying that miR396-GRF pathway is functionally conserved in
different plant species.
The role of GRFs in regulating leaf development has been well characterized in
Arabidopsis. The quadruple mutant atgrf1/2/3/4 exhibits smaller leaf size because of the
reduced cell size and cell number (Omidbakhshfard, et al., 2015). AtGRF1 and AtGRF2
control cell expansion, while AtGRF3 and AtGRF4 regulate cell proliferation
(Omidbakhshfard, et al., 2015). In this study, we compared the number of leaf epidermis
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cells per unit leaf area between WT and TG plants. The result shows that TG plants have
significantly fewer leaf epidermis cells per unit area than that of WT controls, which also
implies larger cell size in TG plants. Additionally, RT-PCR analysis shows that As1053, a
putative gene encoding anaphase-promoting complex subunit which is involved in cell
proliferation, is down-regulated in miR396 TG plants. Thus, it is likely that
miR396c/GRF module control leaf area through regulating cell proliferation instead of
cell expansion. This is further supported by the GO enrichment analysis, in which the GO
terms of ‘DNA replication’, ‘cell division’, ‘regulation of cell cycle’, and ‘mitotic nuclear
division’ were significantly enriched in the down-regulated genes.
In grasses, tillering plays an essential role in shoot architecture and grain yield. In
this study, tillering differences were observed between WT and miR396 TG creeping
bentgrass. TG plants accumulate less shoot biomass, and display fewer tillers, and
reduced tiller length due to shorter internodes, suggesting that miR396 is implicated in
the regulation of tillering. The development of grass tillers is determined by shoot apical
meristems (SAMs), since all aerial organs are produced from SAMs. Previous studies
show that KNOTTED1-LIKE HOMEOBOX (KNOX) transcription factor genes are key
controllers on SAM formation and maintenance (Long, et al., 1996; Vollbrecht, et al.,
2000). Recently, GRFs have been reported to regulate the expression of KNOX family
gene OsKN2 in rice through interacting with the promoter of OsKN2 (Kuijt, et al., 2014).
The similar interactions between GRF and KNOX have also been reported in Arabidopsis
and barley (Kuijt, et al., 2014; Osnato, et al., 2010). Therefore, we speculate that the
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altered tillering in TG creeping bentgrass is mediated through the miR396-GRF-KNOX
regulatory module.
MiR396 is also involved in the modulation of root development. Transgenic
Medicago truncatula overexpressing miR396b exhibits reduced root dry weight, while
MIM396, the inactive form of miR396 transgenic line displays significantly increased
root dry weight compared with WT controls (Bazin, et al., 2013). Further analysis
indicates that miR396 modulates root growth through restricting the activity of root cell
division (Bazin, et al., 2013). In this study, the phenotype of reduced root dry weight is
also observed in miR396 transgenic creeping bentgrass, indicating the conserved function
of miR396-mediated root development in both monocots and dicots.
MiR396-mediated regulatory network in plant response to salt stress
Plant responses to high salinity conditions have been extensively studied at the
molecular level. The products of high salinity-responsive genes include downstream
functional proteins and upstream regulatory proteins. In this study, AsSOS1, encoding the
downstream functional Na+/H+ antiporter, was up-regulated in miR396 TG plants. Under
salinity stress, SOS1 functions in maintaining ion homeostasis. Previous studies show
that overexpression of SOS1 leads to enhanced salt tolerance in transgenic Arabidopsis,
tobacco, and Chrysanthemum crassum (An, et al., 2014; Yang, et al., 2009b; Yue, et al.,
2012). It is plausible that the enhanced salt tolerance in transgenic creeping bentgrass
result from miR396-mediated positive regulation of AsSOS1. Besides ionic stress, high
salinity leads to the production of ROS, which damages plant cells and tissues through
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interacting with key macromolecules and metabolites. Among functional proteins,
antioxidant enzymes protect plants from oxidative stress caused by ROS accumulation. In
this study, ignificantly enriched GO terms of ‘oxidation-reduction process’, ‘H2O2
catabolic process’, ‘response to oxidative stress’, ‘oxidoreductase activity’, and
‘peroxidase activity’ imply that miR396 is crucial in plant response to oxidative stress.
Upstream regulatory proteins involved in high salinity responses include transcription
factors, protein kinases, and phosphatases. The GO enrichment analysis shows that
‘regulation of transcription’ and ‘regulation of kinase activity’ are significantly enriched
in the down-regulated genes (Figure 3.10b). Further RT-PCR analysis shows that TF
gene WRKY40 is induced in miR396 TG plants. TFs from WRKY family positively
regulate salt and other environmental stress tolerance in a variety of plant species (Wang,
et al., 2015; Zhao, et al., 2015). In addition to salt stress response, significantly enriched
DEGs also participate in the biological processes of response to heat, cold, drought,
heavy metal, wounding, high light intensity, nutrient deficiency stresses, and defense
response to bacterium, virus, and fungus (Figure 3.12). Therefore, the result indicates that
miR396, in a broad sense, is actively involved in multiple environmental stress responses
through modulating both functional and regulatory proteins.
MiR396 exerts its function at post-transcriptional and post-translational levels to
regulate its targets, which encode TFs of GRF family and some species-specific TFs (e.g.
bHLH79 in Medicago, SVP in Arabidopsis) (Bazin, et al., 2013; Yang, et al., 2015).
These TFs will further regulate their direct targets, including TFs or other regulatory and
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functional proteins (e.g. AtGRF7 targets TF gene DREB2A in Arabidopsis, OsGRF3 and
OsGRF10 target TF gene OsKN2 in rice, OsGRF6 and OsGRF10 target protein kinase
gene OsCR4 and demethylase gene OsJMJ706) (Kim, et al., 2012; Kuijt, et al., 2014;
Liu, et al., 2014). Therefore, miR396 serves as an important master regulator to integrate
various regulatory elements to cope with salt and other environmental stresses.

Figure 3.13 Hypothetical model of the signaling pathway of miR396-mediated salt stress tolerance.

In this study, a signaling pathway of miR396-mediated salt tolerance in creeping
bentgrass was proposed (Figure 3.13). In response to high salinity, miR396 is induced to
post-transcriptionally control the regulatory proteins of protein kinases and TFs, such as
GRFs and WRKY40. Next, these regulatory proteins activate downstream salinity
responsive genes, such as Na+/H+ antiporter AsSOS1 and detoxification enzyme genes to
protect plant cells from ionic stress and oxidative stress causd by high salinity stress. This
study provides insight into miR396-mediated salt tolerance and allows deciphering the
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role of miRNAs in the complex regulatory network in plant response to environmental
stress.
3.4 Materials and methods
Generation of transgenics overexpressing miR396
A 510 bp DNA fragment of Os-miR396c gene (GenBank: AK062523.1) containing
pre-miR396c stem-loop structure was amplified from rice cDNA. The forward and
reverse primer set was 5'-TCTAGATTTTAACCCATCCAATGCCC-3' containing an
XbaI recognition site (underlined) and 5'-GTCGACCTCTCTCTCTCTCTCTGCCTG-3'
containing a SalI recognition site (underlined). The cDNAs were then cloned into the
pGEM-T Easy vector (Promega, Madison, WI). T Easy-cDNA with the correct sequence
was digested and recombined into the binary vector pZH01 generating an overexpression
gene construct, which was then introduced into creeping bentgrass cultivar ‘Penn A-4’
(supplied by HybriGene) via Agrobacterium tumefaciens strain LBA4404-mediated plant
transformation. Creeping bentgrass transformation using mature seed-initiated embryonic
callus was as described previously (Luo, et al., 2004a; Luo, et al., 2004b).
Plant growth and salt stress treatment
WT and the regenerated TG creeping bentgrass were clonally propagated and were
grown in cone-tainers (4.0 × 20.3 cm, Dillen Products) filled with pure silicon sand. The
plants were fertilized every other day with 0.2g/L 20:10:20 water-soluble fertilizer (PeatLite Special; The Scotts Company) and maintained in a growth room with short day light
regime (14-h of light/ 10-h of dark). Temperatures in the short day growth room were
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25°C during the light period and 17°C during the dark period with 350-450 ȝmol m-2 s-1
light intensity. The conditions for the long day growth room were the same as the short
day growth room, except that the light regime is 16 h of light/8 h of dark. WT and TG
plants were propagated at the same time and from the same amount of tillers to ensure
that they were at the same developmental stage for morphological analysis and salt stress
treatment.
Salt stress treatment and leaf sample collection for gene expression analysis were
performed as described previously with modifications (Yuan, et al., 2015). In this study,
the concentration of NaCl solution was 250 mM. The duration for salt stress treatment
was 8 days followed by a 10-day recovery.
Measurement of mineral content, leaf RWC, chlorophyll, and proline content
WT and TG plant leaf tissues were collected before and after 8-day, 250 mM NaCl
treatments for the measurement of Na+ and K+ relative contents, leaf RWC, EL, total
chlorophyll content, and proline content using previously published protocols (Haynes,
1980; Bates, et al., 1973; Li, et al., 2010).
Histology Analysis
Histological analysis of the leaf and stem cross sections was performed as described
previously with modifications (Yuan, et al., 2015). In this study, sections were stained
using Toluidine Blue or Safranin. For leaf epidermis cells observation, clear nail polish
was applied to the leaf upper epidermis of the representative WT and TG plants. After
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drying completely, the films were peeled off and observed under microscope (MEIJI
EMZ-5TR).
Plant RNA isolation and expression analysis
Plant total RNA was isolated from 100 mg of the 1st and 2nd topmost fully expanded
leaves of each tiller. RNA isolation, semi-quantitative RT-PCR and stem-loop RT-qPCR
analyses were performed according to previously published protocol (Yuan, et al., 2015).
AsUBQ5 (JX570760) was used as an endogenous control. The miR396c stem-loop RT
primer, PCR forward and reverse primers are 5’-GTCTCCTCTGGTGCAGG
GTCCGAGGTATTCGCACCAGAGGAGACAAGTTC-3’, 5’-GCGGTTCCACAGCTT
TCTT-3’, and 5’-TGGTGCAGGGTCCGAGGTATT-3’, respectively.
cDNA library preparation and Illumina sequencing
Total RNA of LD 3-week leaves and SAMs from nonvernalized WT and TG plants
were isolated and purified using the RNeasy Plant Mini Kit (Qiagen, Germantown, MD).
RNA quality was evaluated by the measurement of A260/A280 and A260/A230 ratios.
Only RNA samples with an A260/A280 ratio greater than 1.8 and an A260/A230 ratio
greater than 2.0 were used. For complete gene expression information, an equal mixture
of RNA samples from leaves and SAMs was used for the construction of cDNA libraries
using TruSeq RNA Library Preparation v2 (Illumina Inc., San Diego, CA) according to
the manufacturer’s protocol. Paired-end sequencing of each library was performed using
the HiSeq 2000 (Illumina Technologies) platform following the manufacturer’s
instructions (101-bp paired-end reads). The raw reads (range from 12.5 to 13.8 million

136





for each of the two replicates of WT and TG) were evaluated for quality using FastQC
11.3

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

and

then

were

trimmed using Trimmomatic 0.32 (Bolger, et al., 2014). The trimmed reads (range from
12.1 to 13.2 million) from four cDNA libraries (two replicates for both WT and TG) were
used to generate a de novo assembly using Trinity, starting with in silico read
normalization followed by TrinityRNASeq (version: trinityrnaseq_r2014-04-13) with
default k-mer length of 25 (Grabherr, et al., 2011). The Trinity output contained
4,444,691 contigs. To remove redundancy and unlikely transcripts the pipeline followed
with TransDecoder (http://transdecoder.github.io/), a minimum protein length of 50, and
CD-HIT (Li and Godzik, 2006; Fu, et al., 2012). A final reference unigene set containing
82,819 sequences was used for further data analysis.
Differential expression analysis
To estimate the expression levels, reads from each sample were aligned to the final
reference unigene set using Bowtie2 and TopHat (Langmead and Salzberg, 2012;
Trapnell, et al., 2009). A maximum of two mismatches were allowed for the alignments.
Counts for each gene were generated by Subread’s featureCount software (Liao, et al.,
2014). The differential gene expression analysis was performed using R 3.2.0
(https://www.r-project.org) and the Bioconductor package edgeR with FDR corrected pvalue cut-off of < 0.05 (Robinson, et al., 2010). A MDS plot was generated using edgeR
to show the separation between WT and TG samples and consistency between replicates.
A volcano plot was created using edgeR to plot log2 FC and the –log10 p-value in TG vs
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WT. The heatmaps showing expression profiles between WT and TG samples were
generated based on the log2-transformed count values using R’s pHeatmap.2 package
(https://cran.r-project.org/web/packages/pheatmap/index.html).
GO enrichment analysis
To gain information on the over-represented functional categories, GO enrichment
analysis was performed. Since there is no GO annotation available for creeping bentgrass
transcripts, putative GO terms were assigned using NCBI-blast+ and Blast2GO 2.8
(Conesa, et al., 2005; Camacho, et al., 2009). GO enrichment of WT and TG data sets
was performed using Bioconductor’s goseq package with over-represented p-value cutoff of < 0.05 (Young, et al., 2010). GO categories containing less than or equal to three
genes were filtered out.
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CHAPTER IV - MIR396 IS INVOLVED IN FLOWER
DEVELOPMENT AND PLANT RESPONSE TO VERNALIZATION
Abstract
MicroRNA396 (MiR396) has been suggested to regulate flower development by
targeting growth-regulating factors (GRFs) in annual species. To study the impact of
miR396 on flower development in perennial species, we generated a rice miR396c
overexpression construct and introduced it into creeping bentgrass (Agrostis stolonifera
L.). Overexpression of miR396 leads to male sterility in transgenic (TG) creeping
bentgrass plants, including short filaments, indehiscent anthers, and immature pollen
grains. Most significantly, TG plants bypass the vernalization requirement for flowering,
indicating that miR396 is involved in flowering time control in response to vernalization.
Four genes from GRF family identified as potential targets of miR396 in creeping
bentgrass are down-regulated in TG plants. The expression patterns of the closest
orthologs of VRN1, VRN2 and VRN3/FT are characterized in WT and transgenic plants
during short-day (SD), long-day (LD), and cold exposure. The three genes in WT plants
show similar expression patterns to those observed in wheat and barley during SD to LD,
and SD to cold conditions. Compared to WT controls, miR396 TG plants show induced
expression in VRN1 and VRN3, but repressed expression in VRN2 under SD to LD
conditions without vernalization, which is associated with modified expression of
methyltransferase genes. Additionally, a global view of the impacts on miR396 in
reproductive development and vernalization was elucidated through RNA-seq analysis.
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Our results point to the great potential of controlling flowering time through manipulating
miR396 to contribute to agriculture productivity.
4.1 Introduction
Flowering is a crucial phase to determine plant reproductive success. Many crop
species require prolonged exposure to the winter cold or vernalization to promote their
vegetative-to-reproductive stage transition. However, vernalization largely limits crop
growth region as well as flowering time due to varied winter temperature from place to
place and from year to year. Therefore, it is highly valuable to study the molecular
mechanisms of vernalization and develop new strategies to control flowering time.
Currently, the vernalization requirement at molecular level has been well studied in
Arabidopsis. FLOWERING LOCUS C (FLC), a MADS box gene serves as a repressor of
flowering in Arabidopsis (Michaels and Amasino, 1999). It suppresses flowering
promoters FLOWERING LOCUS T (FT), FLOWERING LOCUS D (FD) and
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) in leaves and
meristems, respectively (Searle, et al., 2006). The process of vernalization leads to FLC
silencing through reduced histone acetylation and increased histone methylation (H3K9
and H3K27) (Bastow, et al., 2004b; Sung and Amasino, 2004). Under a long-day (LD)
photoperiod, FT transcripts are increased and move from leaves to the apical meristems
to interact with FD and thereby initiate flowering by activating SOC1 (Amasino, 2010).
Interestingly, genes involved in the vernalization requirement are different between
Arabidopsis and the cereals wheat (Triticum aestivum L.) and barley (Hordeum vulgare
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L.). Thus far, a molecular framework for flowering time control in response to
vernalization has been established in wheat and barley through identification and
characterization of VERNALIZAITON1 (VRN1), VRN2, and VRN3 (Distelfeld, et al.,
2009a; Greenup, et al., 2009). VRN1 is a MADS-box transcription factor gene, which
regulates the vegetative to reproductive phase transition (Danyluk, et al., 2003). VRN2, a
flowering repressor, encodes a CCT domain and zinc finger containing protein not related
to FLC (Yan, et al., 2004). VRN3, the ortholog of FT in wheat and barley, has a similar
mechanism in promoting flowering as FT does in Arabidopsis (Li and Dubcovsky, 2008).
Before vernalization, high levels of VRN2 repress the florigen VRN3 to prevent flowering
(Yan, et al., 2004). During cold exposure, VRN1 is activated through chromatin
modifications, including a decrease in H3K27 methylation and an increase in H3K4
methylation (Oliver, et al., 2009). High levels of VRN1 down-regulate VRN2 during and
after vernalization in leaves and meristems, which facilitates the accumulation of VRN3
in leaves by LD photoperiod after vernalization (Distelfeld, et al., 2009b; Chen and
Dubcovsky, 2012). VRN3 then moves to shoot apex to maintain the high levels of VRN1
and induces flowering (Distelfeld, et al., 2009a). Recently, the molecular mechanisms of
vernalization response have been gradually uncovered in Brachypodium distachyon, a
small temperate grass in the subfamily Pooideae as wheat and barley. In Brachypodium,
VRN1 and VRN3/FT have similar mechanisms as those in wheat and barley, whereas
VRN2 is induced during prolonged cold (Ream, et al., 2014), indicating that although
within the same subfamily, the molecular mechanism of plant vernalization response is
not conserved.
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Accumulating evidence has demonstrated that microRNAs (miRNAs) are involved
in flower development, including floral organ identity and polarity, floral organ size and
shape, inflorescence development, male and female fertility, and flowering time control
(Nag and Jack, 2010; Bergonzi, et al., 2013; Zhou, et al., 2013; Luo, et al., 2013). During
floral organ formation, miR172 is critical in regulating the inner floral whorl patterning
and lodicules development through targeting APETALA2 (AP2) genes in Arabidopsis and
the cereals rice and barley, repectively (Luo, et al., 2013). Besides, miR172 is also
involved in flowering time control. Overexpression of miR172 causes increased
accumulation of FT and early flowering, while overexpression of any one of the four AP2
transcription factor genes, TOE1, TOE2, SNZ, or SMZ leads to late flowering (Aukerman
and Sakai, 2003; Jung, et al., 2007). Another study showed that overexpression of
miR156 leads to a prolonged juvenile stage, and a delayed flowering stage, while
constitutively expressing miR156 targets, SQUAMOSA PROMOTER BINDING
PROTEIN LIKE (SPL) promotes the transition from juvenile to adult stage and leads to
early flowering (Wu and Poethig, 2006; Wu, et al., 2009). Recently, an age-dependent
flowering pathway, which regulates the abundance of miR156 and miR172, has been
identified in Cardamine flexuosa (Zhou, et al., 2013). This polycarpic perennial species
does not respond to winter cold until it is five-week-old. Levels of miR156 decrease
dramatically with time, which allows the accumulation of its target SPLs with high
abundance to activate miR172. Up-regulated miR172 represses AP2 and promotes the
expression of floral integrator SOC1, and thereby induces flowering. Though miRNAs
are implicated in flowering time control through integrating age and vernalization cues,
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there has been no evidence suggesting that they are directly involved in the vernalization
pathway.
MiR396 is an evolutionarily conserved miRNA targeting transcription factors,
growth-regulating factors (GRFs), involved in plant development at both vegetative and
reproductive stages (Liu, et al., 2009b; Omidbakhshfard, et al., 2015). In Arabidopsis, the
GRF family comprises nine members, seven of which have miR396 target sites (JonesRhoades and Bartel, 2004). Morphologically, transgenic plants constitutively expressing
miR396 displayed shorter stature and narrower leaves than wild type (WT) controls in
Arabidopsis and tobacco because of reduced cell numbers in leaf tissue (Kim, et al.,
2003; Yang, et al., 2009; Rodriguez, et al., 2010). The similar phenotype was also
observed in atgrf1 atgrf2 atgrf3 triple mutants (Kim, et al., 2003). Besides its impact on
plant vegetative growth, miR396 also controls plant development in the reproductive
stage. Overexpression of miR396 resulted in stigmatoid anthers or a fasciated style with
multiple stigma structures in transgenic tobacco (Baucher, et al., 2013), pistil
abnormalities in transgenic Arabidopsis (Liang, et al., 2014), or open husks and long
lemmas in transgenic rice (Liu, et al., 2014). However, the impact of miR396 on floral
organ development in perennial species remains elusive. In addition, there has been no
report indicating the involvement of miR396 in flowering time control or vernalization
pathway in any plant species.
To investigate the role of miR396 in flower development in perennial species, we
generated transgenic creeping bentgrass (Agrostis stolonifera L.) overexpressing a rice
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miR396 gene, Os-miR396c. Our data indicate that four GRF genes identified as potential
targets of miR396 in creeping bentgrass show repressed expression in transgenic plants,
and transgenic miR396 plants exhibit stamen defects, including short filaments,
indehiscent anthers, and immature pollen grains. Interestingly, compared to WT controls,
miR396 TG plants also bypass vernalization to flower under long day (LD) conditions.
To study the molecular mechanism of miR396-mediated flowering time control,
expression profiles of miR396 and its targets were analyzed under the conditions of
exposing plants to short day (SD) followed by transferring them to LD (referred hereafter
as SD-LD), and exposure of SD-grown plants to prolonged cold followed by LD (referred
hereafter as SD-cold-LD). In addition, the expression patterns of the closest orthologs of
VRN1, VRN2 and VRN3/FT are characterized in WT and TG creeping bentgrass in SDLD and SD-cold-LD conditions. In WT plants, VRN1, VRN2, and VRN3 show similar
expression patterns as in wheat and barley under SD-LD and SD-cold-LD conditions.
Without vernalization, VRN1 and VRN3 show induced expression, whereas VRN2 is
repressed under SD-LD conditions in TG plants compared to WT controls. Furthermore,
a global view of the impacts of miR396 on reproductive development and vernalization
was elucidated through RNA-seq analysis. Our results point to the great potential of
controlling flowering time through manipulating miR396 to contribute to agriculture
productivity.
4.2 Results
Overexpression of miR396c eliminates vernalization, but not long-day requirements for
flowering
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Creeping bentgrass is a cool season turfgrass, which requires vernalization, a
prolonged plant exposure to the winter cold for the competence to flower. A previous
study on colonial bentgrass (Agrostis capillaris), another species within the same genus
as creeping bentgrass, revealed that 15 weeks of cold treatment (SD, 3-12°C or LD, 36°C) is required for inducing flowering (Heide, 1994). To determine the length of cold
treatment required to saturate the vernalization response in creeping bentgrass, two
replicates of WT and Os-miR396c transgenic creeping bentgrass grown under SD
conditions (14-h light, 25°C /10-h dark, 17°C) were subjected to cold exposure (8-h
light/16-h dark, 5°C) for 0, 11, 12, 13, 14, 15, 16, 17, and 18 weeks followed by shifting
plants to LD conditions (16-h light, 25°C /8-h dark, 17°C). The results showed that WT
plants do not flower under LD conditions until 15-week or longer cold exposure, whereas
TG plants flower under LD conditions with or without cold exposure (from 0 to 18
weeks), indicating that TG plants overexpressing Os-miR396c are able to flower,
bypassing the vernalization requirement (Figure 4.1). However, both TG plants (with or
without vernalization) and vernalized WT controls require 4 weeks of LD (16-h light/ 8-h
dark) induction for inflorescence emergence (Figure 4.2a, d). The longer cold treatment
of 18 weeks does not accelerate flowering in WT plants (data not shown).
We then investigated the effect of photoperiod on flowering time in both WT and
miR396 TG plants and found that neither TG plants without vernalization nor vernalized
WT plants can flower under SD condition (14 h light). However, inflorescence
emergence can be observed 4 or 3 weeks after a photoperiod of 16 or 24h, indicating that
overexpression of miR396 does not affect plant response to photoperiod. Both WT and
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miR396 TG plants are sensitive to photoperiod, and longer photoperiod leads to more
rapid flowering.

Figure 4.1 Osa-miR396c transgenic creeping bentgrass flowers without vernalization. Performance of WT
and TG plants under 16-h photoperiod induction for four and six weeks without vernalization.

Overexpression of miR396c alters flower development that is associated with modified
expression of target genes GRFs
To further investigate the impact of miR396 on creeping bentgrass reproductive
growth, we compared floral organ development between WT and TG plants. WT and TG
flowers were photographed 4, 6, and 8 weeks after LD following 15-week vernalization.
During florescence emergence (4-week in LD) and anthesis (6-week in LD), the spikes of
transgenic plants are curly in comparison with those of the WT controls (Figure 4.2a, b,
d, e). Two weeks later, the panicles of the WT plants become reddish to purple, while
those of the miR396 transgenics remain green (Figure 4.2c, f).
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Microscopic analysis of the floralets in WT and TG plants during anthesis reveals that
at the 6th and the 8th week in LD, miR396 TG plants exhibit defects in filament
elongation and dehiscence, i.e., the filaments of the TG plants are shorter than those of
the WT controls and the TG anthers do not normally dehisce (Figure 4.2g-j). Statistical
analysis of the anther length indicates that TG anthers are significantly longer than those
of the WT controls (Figure 4.2k, l).
Next, we examined pollen viability from both TG and WT control plants. Since
pollen cannot be released by TG plants, we manually opened the fully developed WT and
TG anthers before dehiscence and stained pollen with 2% (w/v) potassium iodide. As
shown in Figure 4.2m and n, WT pollen is circular and darkly stained (Figure 4.2n),
whereas TG pollen has varied shapes and is only lightly stained (Figure 4.2n), indicating
that pollen of transgenic plants is sterile.
Accumulating evidence indicates that miR396 plays an important role in floral organ
development by post-transcriptionally repressing the expression of GRFs (Liu, et al.,
2014; Liang, et al., 2014). Seven of the nine GRF family members in Arabidopsis and ten
of the twelve GRFs in rice have miR396 target sites (Debernardi, et al., 2012). In
creeping bentgrass, we identified four GRF orthologs with miR396 binding sites. They
are AsGRF3, AsGRF4, AsGRF5, and AsGRF6 (Figure 3.8a). Their expressions are all
repressed in miR396 TG plants compared with that in WT controls (Figure 3.8b),
suggesting the participation of GRFs in modulating flower development in creeping
bentgrass.

155





Figure 4.2 Flower development between WT and TG plants. Vernalized WT and TG plants under LD
conditions for (a) four weeks, (b) six weeks, and (c) eight weeks. Scale bar, 10 cm. WT and TG spikelets
after LD induction for (d) four weeks, (e) six weeks, and (f) eight weeks. Scale bar, 1 cm. Close up of WT
and TG spikelets at (g) six weeks and (i) eight weeks after LD induction. Scale bar, 500 μm. Representative
WT and TG floralets at (h) six weeks and (j) eight weeks after LD induction. Scale bar, 500 μm. (k)
Representative anthers of WT and TG plants. Scale bar, 100 μm. (l) Anther lengths of WT & transgenic
turfgrass overexpressing os-miR396c were measured at the same stage after flowering. Data are showed as
means (n=6) with standard error. A significant difference between WT and TG anther length was indicated
with asterisks at P<0.001 by Student’s t-test. (m) WT and (n) TG pollen was stained with potassium iodide.
Scale bar, 100 μm.

MiR396 is induced by LD photoperiod and vernalization

Figure 4.3 Expression profiles of miR396c under SD-LD, and SD-cold-LD conditions. (a) Stem-loop RTqPCR analysis of miR396 expression in WT plants under SD conditions and in LD for 1-3 weeks without
vernalization. (b) Stem-loop RT-qPCR analysis of miR396 expression in WT plants in SD, then 17 weeks
of cold treatment, and under LD conditions for three weeks. The relative changes in gene expression were
calculated based on the 2í¨¨CT method. AsUBQ was used as an endogenous control. Data are presented as
means of three technical replicates, and error bars represent ±SE.
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To decipher the molecular mechanisms underlying the miR396-mediated plant
response to vernalizaton, we first examined how miR396 is regulated by different
photoperiods and temperatures. To this end, we analyzed the expression levels of miR396
in WT plants under SD-LD and SD-cold-LD conditions. When switching from SD (14-h
photoperiod) to LD (16-h photoperiod), the abundance of miR396 was significantly
elevated (12 fold) after one week in LD, and then gradually declined, but remained higher
than that under SD conditions (Figure 4.3a). When switching from SD to cold conditions,
levels of miR396 first slightly declined at 3rd and 7th week, and then significantly
induced, attaining 12 fold more than in SD 17 weeks after cold treatment (Figure 4.3b).
When shifting to LD conditions (25°C at daytime/17°C at night), levels of miR396
gradually declined but remained significantly higher than that under SD conditions
(Figure 4.3b). These results indicate that miR396 responds to and is induced by LD light
regime and low temperature, suggesting its possible involvement in regulating plant
response to these environmental cues.
Identification of VRN1, VRN2, and VRN3 orthologs in creeping bentgrass
In winter cereals, VRN1, VRN2, and VRN3 are key genes in the vernalization process
for accelerating flowering (Distelfeld, et al., 2009a; Greenup, et al., 2009). A similar
mechanism has also been demonstrated in Brachypodium (Ream, et al., 2014). This raises
the question of whether or not in creeping bentgrass, miR396 affects plant vernalization
response through indirectly regulating VRN gene expression. Currently, creeping
bentgrass vernalization response at the molecular level remains largely unknown. We
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decided to examine the role the VRN genes play in plant vernalization response in this
cool-season perennial turfgrass. To this end, we cloned the creeping bentgrass full-length
cDNAs of the winter cereals orthologs of the VRN1, VRN2 and VRN3/FT by 5’ and 3’
RACE (Rapid Amplification of cDNA Ends).
AsVRN1 encodes a 262-aa protein, which shares a high identity with its orthologs
from wheat (72%), barley (68%), Brachypodium (73%), rice (72%), and Arabidopsis
(68%). A neighbor-joining phylogenetic analysis of full-length amino acid sequences
from these species divides VRN1 orthologs into a monocot clade and a dicot clade (Figure
4.4a). AsVRN1 is placed in the monocot clade as shown in Figure 4.4a. VRN1 from grass
is related to APETALA1 (AP1)/ CAULIFLOWER (CAL)/ FRUITFUL (FUL), a subgroup
of MADS-box transcription factors controlling the initiation of the vegetative to
reproductive transition (Yan, et al., 2003; Preston and Kellogg, 2008). Sequence
alignment revealed a conserved type-II MADS domain and a K-box (Figure 4.4d), which
are characteristic of AP1/CAL/FUL clade. The high sequence similarity of the conserved
MADS domain and K-box between AsVRN1 and each VRN1 ortholog suggests that
AsVRN1 is the VRN1 putative ortholog in creeping bentgrass (Figure 4.4d).
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Figure 4.4 Phylogenetic analyses of VRN1, VRN2, and VRN3 proteins and sequence alignment of their
conserved domains. Phylogenetic trees of (a) VRN1, (b) VRN2, and (c) VRN3 from creeping bentgrass,
Brachypodium, wheat, barley, rice and Arabidopsis were built with the neighbor-joining method. Bootstrap
values were derived from 1000 replications. Alignment of (d) type II subfamily of MADS domain and Kbox, (e) CCT domain, and (f) PEBP (phorsphatidylethanolamine) domain among different plant species,
including creeping bentgrass, Brachypodium, wheat, barley, rice and Arabidopsis. Species abbreviations:
As=Agrostis stolonifera, Bd=Brachypodium distachyon, Ta=Triticum aestivum, Tm=Triticum
monococcum, Hv=Hordeum vulgare, Os=Oryza sativa, and At=Arabidopsis thaliana. Similarities of
conserved domains between creeping bentgrass and each of the orthologs are listed at the end of the
alignment.

The flowering repressor VRN2 in cereals behaves similarly to the MADS-box gene
FLC in Arabidopsis, while they are unrelated. VRN2 orthologs from wheat (TmZCCT1
and TmZCCT2), barley (HvZCCT-Ha and HvZCCT-Hb), Brachypodium (BdVRN2), and
rice (OsGhd7) are members of a CONSTANS-like superfamily containing a conserved
CCT domain. Currently, the ortholog of VRN2 in Arabidopsis is unknown. In creeping
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bentgrass, we successfully cloned the full length of AsVRN2, which encodes a 213 aa
protein. Amino acid sequences alignment between AsVRN2 and other VRN2 orthologs
indicates that AsVRN2 carries a CCT domain (Figure 4.4e). Phylogenetic analysis of the
complete protein sequences of VRN2 orthologs placed AsVRN2 and BdVRN2 into the
same clade (Figure 4.4b), suggesting that AsVRN2 is the VRN2 putative ortholog.
In addition to the vernalization pathway, photoperiod, autonomy, hormones, and age
pathways also participate in the plant vegetative to reproductive transition. These
endogenous and environmental signals are sensed by plants and ultimately stimulate a set
of flowering integrators. VRN3/FT is one of the flowering integrators, which belongs to
phosphatidylethanolamine-binding protein (PEBP) gene family. VRN3 cloned in creeping
bentgrass encodes a 177-aa protein. Amino acid sequences alignment among VRN3/FT
orthologs shows that AsVRN3 carries a conserved PEBP domain with a length of 139-aa
(Figure 4.4f). A phylogenetic tree was built with the complete amino acid sequence of
VRN3/FT from creeping bentgrass, wheat, barley, Brachypodium, rice, and Arabidopsis.
As Figure 4.4c shows, VRN3/FT from the grass subfamily Pooideae are grouped into one
clade, while Brachypodium ortholog (BdFTL2) and AsVRN3 reside in the same subclade,
suggesting that AsVRN3 is in fact a VRN3/FT ortholog in creeping bentgrass.
Effects of vernalization and different photoperiod regimes on VRNs in WT and TG
creeping bentgrass
By cloning VRNs in creeping bentgrass, we seek to answer several questions. How
are VRNs regulated in creeping bentgrass when exposed to prolonged cold and different

160





light regimes? Do VRNs have similar responses as in wheat, barley, or Brachypodium?
What is the impact of miR396 on VRNs? What causes the elimination of vernalization
requirement in TG plants? To answer these questions, we compared the expression
profiles of VRN1, VRN2, and VRN3 in SD-LD and SD-cold-LD conditions in WT and TG
creeping bentgrass.
Without vernalization, AsVRN1 expression in WT plants is low under SD, but
significantly induced when shifted to LD during the first two weeks. Its expression
declines at LD 3-week, but remains elevated compared to that under SD (Figure 4.5a, c),
which is in consistent with the expression profile of VRN1 in wheat (Dubcovsky, et al.,
2006). In miR396 transgenic creeping bentgrass, AsVRN1 is induced in LD and remains
elevated at LD 3-week (Figure 4.5a, c). Interestingly, levels of AsVRN1 are higher in TG
plants vs. WT controls under both SD and LD conditions (Figure 4.5a, c), implying that
VRN1 is affected by miR396. During prolonged cold treatment, levels of AsVRN1 are
gradually increased and remain elevated following cold treatment in LD (Figure 4.5b, d),
which is in agreement with previous studies in cereals wheat, barley, and Brachypodium
(Sasani, et al., 2009; Ream, et al., 2014). AsVRN1 in TG plants has a similar expression
profile to that in WT controls, though its levels are higher under SD and LD than that in
WT plants, but not at the saturated cold (cold 17-week; Figure 4.5b, d).
In barley, levels of HvVRN2 (HvZCCT-Ha and HvZCCT-Hb) expression are higher
when plants are grown in LD than in SD (Trevaskis, et al., 2006). Similarly in creeping
bentgrass, levels of AsVRN2 expression in WT plants increase significantly during the
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first two weeks of LD induction, and then decline at LD 3-week (Figure 4.5a, c). In
contrast, levels of AsVRN2 in transgenic plants only slightly increase when switched from
SD to LD (Figure 4.5a, c), and compared with WT controls, AsVRN2 in TG plants is
repressed under both SD and LD conditions (Figure 4.5a, c, suggesting that levels of
AsVRN2 expression are affected by miR396. It has previously been reported that during
vernalization, VRN2 transcript levels in both wheat and barley leaves decrease
(Trevaskis, et al., 2006; Yan, et al., 2004). Consistent with this, AsVRN2 expression in
both WT and TG plants also gradually declines during vernalization, and then is elevated
under LD conditions (Figure 4.5b, d).

Figure 4.5 Expression profiles of AsVRN1, AsVRN2, and AsVRN3 in SD-LD and SD-cold-LD conditions.
(a) Semi-quantitative RT-PCR analysis of AsVRN1, AsVRN2, and AsVRN3 gene expression in WT and TG
plants under SD-LD conditions without vernalization. (b) Semi-quantitative RT-PCR analysis of AsVRN1,
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AsVRN2, and AsVRN3 gene expression in WT and TG plants under SD-cold-LD conditions. AsUBQ was
used as an endogenous control. Analysis of band intensity on electrophoresis gel is presented as relative
ratios of AsVRN1, AsVRN2, and AsVRN3 to AsUBQ under (c) SD-LD conditions and (d) SD-cold-LD
conditions. The band intensity was quantified using ImageJ (Abràmoff, et al., 2004).

In wheat and barley, VRN3 transcription is very low in SD and its expression is
induced when plants are grown in LD (Turner, et al., 2005; Yan, et al., 2006). In WT
creeping bentgrass, VRN3 exhibits a similar expression pattern as in wheat and barley,
i.e., VRN3 is slightly induced when shifted from SD to LD (Figure 4.5a, c). In contrast,
TG plants overexpressing miR396 exhibit significantly enhanced VRN3 expression at LD
2-week, and their VRN3 expression then declines at LD 3-week (Figure 4.5a, c). The
dramatic upregulation of the flowering-promoting factor, VRN3 suggests the transition of
miR396 TG plants from vegetative to reproductive growth at LD 2-week. Besides the
impact of day length on VRN3 expression, vernalization has also been reported to
upregulate VRN3 in barley, wheat, and Brachypodium (Yan, et al., 2006; Ream, et al.,
2014). In accordance with this, AsVRN3 mRNA levels are elevated during prolonged cold
and the following LD treatments in both WT and TG plants, indicating that AsVRN3
plays a role analogous to VRN3/FT in wheat, barley, and Brachypodium.
Impacts of miR396 on histone methylation
Differential regulations of VRNs by photoperiod between WT and miR396 TG plants
without vernalization indicate that miR396 plays a role in the vernalization pathway.
Since VRN1 is an upstream regulator which represses the levels of VRN2 to promote the
expression of VRN3 during and following vernalization, we speculate that VRN1 is
directly or indirectly regulated by miR396. The upregulation of HvVRN1 during
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Figure 4.6 Expression levels of methyltransferases AsATX2, AsEZ1a, and AsTrx1 in WT and TG plants
under SD conditions. Real-time RT-PCR analysis of AsATX2, AsEZ1a, and AsTrx1 expression in WT and
three transgenic plants under SD conditions. AsUBQ was used as an endogenous control. Data are
presented as means of three technical replicates, and error bars represent ±SE.

vernalization has been reported to be associated with an increase of active histone marks
H3K4 trimethylation (H3K4me3) and a decrease of silent marks H3K27me3 at HvVRN1
chromatin, while levels of VRN2 and VRN3 in barley are not altered by histone
modifications (Oliver, et al., 2009). In winter wheat, TaVRN1 is up-regulated during
vernalization through an increased level of H3K4me3 but no change in the level of
H3K27me3 (Diallo, et al., 2012). Therefore, it is hypothesized that AsVRN1 might also be
regulated by histone modifications during vernalization. In this study, higher levels of
AsVRN1 have been observed in TG plants than in WT controls under SD and LD without
vernalization, which prompts us to examine if the levels of active and silent histone
marks are different in WT and TG plants. Transcript levels of methyltransferases are
compared between WT and three transgenic lines through quantitative RT-PCR analysis.
AsATX2 and AsTrx1, which mediate methylation at H3K4, are down- and up-regulated in
three transgenic lines, respectively. AsEZ1a, which mediates methylation at H3K27, is
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repressed in TG plants. The results imply that miR396 might be involved in histone
methylation.
Effects of day length and vernalization on GRFs in WT and TG plants
In addition to the key genes in the vernalization pathway, transcript levels of miR396
putative targets were also analyzed under SD-LD and SD-cold-LD conditions in both WT
and TG plants. MiR396 is significantly induced and remains elevated when transferring
plants from SD to LD (Figure 4.3a). In contrast, levels of its targets, AsGRF3 and
AsGRF4 are significantly down-regulated when switching from SD to LD conditions in
both WT and TG creeping bentgrass (Figure 4.7a, c). Interestingly, expression profiles of
AsGRF5 and AsGRF6 in WT plants do not show negative correlation with the levels of
miR396 in SD-LD, suggesting that AsGRF5 and AsGRF6 might also be regulated by
light-related factors besides their direct repressor miR396. In addition, levels of AsGRF5
are higher in transgenics than in WT controls under LD induction (Figure 4.7a, c),
suggesting that miR396 might impact AsGRF5 by regulating other unknown factors.
When exposing WT and TG plants to SD-cold-LD conditions, the expression the
AsGRF3 and AsGRF4 show negative correlation with that of the miR396, whereas this
negative correlation is not observed between the expression profiles of AsGRF5, AsGRF6
and miR396, presumably due to the greater impacts of other factors on the expression of
the AsGRF5, AsGRF6 during cold and LD conditions.
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Figure 4.7 Expression profiles of the putative miR396c targets AsGRF3, AsGRF4, AsGRF5, and AsGRF6
in SD-LD and SD-cold-LD conditions. (a) Semi-quantitative RT-PCR analysis of AsGRF3, AsGRF4,
AsGRF5, and AsGRF6 gene expression profiles in WT and TG plants under SD-LD and (b) SD-cold-LD
conditions. (c) Analyses of band intensity on electrophoresis gel are presented as relative ratio of AsGRF3,
AsGRF4, AsGRF5, and AsGRF6 to AsUBQ under SD-LD conditions and (d) SD-cold-LD conditions. The
band intensity was quantified using ImageJ (Abràmoff, et al., 2004).

Genome-wide gene expression analysis in miR396 TG plants
To further understand how miR396 is involved in floral organ development and
flowering time control, we performed RNA-seq analysis to study the differences in gene
expression at genome level between WT controls and TG plants. Leaf and shoot apical
meristem (SAM) samples were collected in LD 3-week (without vernalization) for cDNA
library preparation and Illumina sequencing as described in Chapter III.
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Gene ontology enrichment analysis
To identify the major functional categories which are represented in transgenics vs.
WT controls, we performed gene ontology (GO) enrichment analysis. Figure 4.8 shows
that 21 GO terms were significantly enriched (over-represented p-value < 0.05) in upregulated (log2 FC >2) and down-regulated (log2 FC < -2) genes, respectively. Among
others, the GO terms ‘electron transport chain’, ‘carbohydrate metabolism’, ‘chloroplast
thylakoid membrane’, and ‘ATP binding’ are enriched in the up-regulated genes. Under
LD 3-week induction without vernalization, TG plants are in the flower development
stage while WT plants are still in vegetative growth. These enriched GO terms are related
to energy generation and metabolism, which are fundamental for energy supply, carbon
storage, and cell wall formation during flower development. This result is in close
agreement with a study in other plant species during flower development (Singh, et al.,
2013). The enriched GO terms in the down-regulated genes include ‘cell division’, ‘DNA
replication’, ‘regulation of transcription’, ‘nucleus’, and ‘DNA binding’, which indicates
that the processes of DNA replication and cell division are strongly repressed in TG
plants overexpressing miR396. This result is consistent with the miR396-GRF system,
which shows decreased cell number in miR396 transgenic leaves through repressing
levels of GRFs (Liu, et al., 2009b).
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Figure 4.8 GO enrichment analysis. Significantly enriched GO terms for genes (a) up-regulated (log2 FC >
2) and (b) down-regulated (log2 FC < -2) in TG vs. WT are projected onto a two-dimensional semantic
space with three GO categories, including biological process, cellular component, and molecular function.
Each bubble represents a GO term. The closer the bubbles rest, the more related the GO terms are. The
bubble color represents the significance of the enrichment. Bubbles with more general GO terms are larger.

Differential expression of transcription factor genes
MiRNAs are involved in various plant physiological processes through regulating
their targets, most of which are transcription factors (TFs). In addition, many TFs are key
regulators implicated in flowering time control and flower development. Thus, we
performed differential expression analysis of genes encoding for TFs. The heatmap in
Figure 4.9 shows 77 genes from 9 TF families are differentially expressed (log2 FC >1 or
<-1, FDR corrected p-value < 0.05) in TG vs. WT plants, including NAC, MYB, MADS,
GATA, E2F, bHLH, AP2, homeobox, and bZIP. Among them, the MADS-box TF
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family, which consists of 10 up-regulated and 8 down-regulated members, is most
represented.

Figure 4.9 Differential expression of transcription factor genes at 3-week LD induction. Various
transcription factor families with differential expression (log2 FC > 1 and log2 FC < -1 in upper and lower
panel, respectively) are shown in the heatmap. The color scale represents the log2-transformation of the
read count value.

The second most highly represented is GATA family (5 up-regulated and 11 downregulated) followed by MYB TF genes (5 up-regulated and 7 down-regulated). MADSbox TFs play an essential role during plant flowering, which includes transition to
flowering, petal and stamen specification, carpel and ovule development, pollen
maturation and tube growth, and sepal and petal longevity (Smaczniak, et al., 2012).
Many GATA family members play a predominant role in floral development. For
example, GNC and GNL from GATAs are flowering repressors through regulating the
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expression of florigen SOC1, while HAN serves as a floral morphology regulator through
controlling the homeobox TF WUSCHEL (Behringer and Schwechheimer, 2015). MYB
TFs are critical for floral asymmetry (Corley, et al., 2005). Other TF families, which
exhibit significant differential expression, are also largely implicated in floral
development (Ning, et al., 2015; Niu, et al., 2015; Zhao, et al., 2012; Ito, et al., 2012;
Lee, et al., 2014; Abe, et al., 2005).
Differential expression of flower development and chromatin modification genes
Besides identifying the major functional categories overrepresented in transgenics, we
are also interested in the flower development and chromatin modification-related genes in
TG versus WT plants. The later may play a role in epigenetically regulating VRN gene
expression to control flowering. Therefore, we determined the significantly enriched GO
terms (over-represented p-value < 0.05), which relate to flower development and
chromatin modifications. The corresponding differentially expressed genes (DEGs, log2
FC > 1 or log2 FC < -1, FDR corrected p-value < 0.05) from each GO term were selected
to generate a heatmap (Figure 4.10). As shown in Figure 4.10, 84 genes were categorized
into the flower development group, which includes processes of SAM specification,
vegetative to reproductive transition, flower organ formation, anther dehiscence, and
starch biosynthesis and metabolism; 69 genes are categorized into the chromatin
modification group, including the processes of histone acetylation and methylation. These
results provide evidence at the molecular level about the differences in reproductive
transition and development we observed between TG plants and WT controls, such as
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altered flowering time, anther dehiscence defect, pollen sterility, and different levels of
VRN1.

Figure 4.10 Differential expression of flower development and chromatin modification related genes.
Significantly enriched GO terms (log2 FC > 1 or log2 FC < -1, FDR < 0.05), which relate to flower
development and chromatin modification, in TG vs. WT data sets are listed. The corresponding
differentially expressed genes (DEGs) of each enriched GO term were selected to generate the heatmap.
The color gradient shows the log2-transformation of the read count value.

4.3 Discussion
MiR396-mediated flower development
Various studies have demonstrated that miR396 regulates plant leaf growth and floral
organ development in both monocot and dicot species through targeting GRFs. High
levels of miR396 or grf loss-of-function mutants always lead to the similar leaf
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phenotype, which is smaller leaf areas due to reduced cell size or cell number (Kim, et
al., 2003; Yang, et al., 2009; Rodriguez, et al., 2010). In contrast, overexpression of
miR396 causes distinct floral organ defects in different plant species, such as open husks
and long sterile lemmas, abnormal pistils, altered anther and carpel morphology in
transgenic rice, Arabidopsis, and tobacco (Liu, et al., 2014). In this study, transgenic
creeping bentgrass plants displayed abnormal stamen development, which includes
reduced filament extension, dehiscence defects, and pollen sterility. The GRF family, a
small transcription factor family, forms a complex with the transcriptional co-activators
GRF-interacting factors (GIFs) to regulate downstream functional genes in leaf and
SAM. It is likely that GRF members from different plant species target different genes in
SAMs to regulate floral organ development, thereby leading to distinct flower
phenotypes. In transgenic rice overexpressing OsmiR396d, for example, altered floral
organ morphology was shown to result from the repressed expression of OsGRF6 and
OsGRF10, which targets a H3K9 demethylase gene OsJMJ706 and a kinase gene OsCR4
involved in the maintenance of the palea and lemma interlocking (Liu, et al., 2014).
However, the regulatory networks between other GRF homologs and downstream targets
in rice and other plant species remain unknown. Further identification of GRFs’ targets in
different plant species would provide information to better understand miR396-GRF
module-mediated floral organ development.
Plant male sterility provides benefits not only in preventing pollen-mediated gene
flow in transgenic plants, but also in blocking self-fertilization facilitating hybrid
production for new breeding opportunities. Overexpression of Os-miR396c in creeping

172





bentgrass resulted in male sterility with plant defects of short filaments, indehiscent
anthers, and immature pollen grains. Interestingly, the similar male sterile phenotype was
also observed in transgenic Arabidopsis with repressed expression of a bHLH TF gene
MYC5 through overexpression of a MYC5-SRDX chimeric repressor, and in transgenic
tobacco with ectopic expression of a soybean MADS-box TF gene, GmMADS28 (Huang,
et al., 2014; Figueroa and Browse, 2015). MYB26 is responsible for anther dehiscence
through regulating NST1 and NST2 from NAC TF family (Mitsuda, et al., 2005; Yang, et
al., 2007). The TF families mentioned above are differentially expressed in miR396c TG
plants and WT controls, implying that miR396 functions in stamen development through
regulating other genes, especially TF genes. It is also plausible that the male sterile
phenotype may be directly attributed to miR396-GRF module.
In the present study, the lemmas of WT spikelets turn reddish-brown when floral
organs begin to senesce, whereas miR396 transgenic spikelets remain green (Figure 4.2i,
j). The reddish-brown color in the spikelet results from the synthesis of anthocyanins and
the degradation of chlorophyll during plant senescence. Given that oxidative stress
triggers plant senescence, we speculate that overexpression of miR396 may have delayed
flower senescence in transgenic plants by enhancing plant tolerance to oxidative stress.
Our hypothesis is further supported by the result of GO enrichment analysis, in which the
GO terms oxidation-reduction and oxidoreductase activity are enriched in up- and downregulated genes (Figure 4.8). However, previous studies show that high levels of GRF3
and GRF5 delay leaf senescence in transgenic Arabidopsis (Debernardi, et al., 2014;
Gonzalez, et al., 2010), implying that constitutive expression of miR396 might trigger,
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other than delay, leaf senescence. The controversial results could be attributed to the
species-specific function of miR396-GRF module. In addition to the direct regulation of
plant senescence via the miR396-GRF pathway, differential regulation of anthocyanins
accumulation in WT and TG plants is another possibility. TF families MYB and bHLH
MYC are implicated in the process of anthocyanins synthesis (Stommel, et al., 2009).
Since MYB and bHLH TF families show differential expression in transgenics and WT
controls as shown in Figure 4.9, it is likely that the anthocyanins synthesis pathway is
affected in transgenics overexpressing miR396, which leads to the green spikelets in TG
plants.
Elimination of vernalization requirement
In temperate climate, flowering time must coincide with optimal environmental
conditions for reproductive success. Many plants sense and respond to prolonged winter
cold and flower next spring when day length increases. However, winter temperature
varies from year to year and from place to place, which largely limit agricultural
practices. Genetic modifications of plants to eliminate vernalizaiton requirement
overcome these constraints and expand regions for agricultural practices. In addition,
flexible flowering time is an advantage in reducing damages from certain environmental
stresses. Furthermore, effective elimination of vernalization allows biennials and
perennials to flower at the first year, which accelerate the introgression of new agronomic
traits in breeding process.
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Currently, the elimination of the vernalization requirement has been accomplished
through genetic engineering of vernalization pathway genes in both dicot and monocot
species. In Arabidopsis, FRIGIDA (FRI) complex positively regulates FLC to repress
flowering (Choi, et al., 2011). Evidence shows that the vernalization requirement is
eliminated in plants containing mutations in the components of the complex, such as FRI,
SUPPRESSOR OF FRI4, FRI ESSENTIAL1, and FLC EXPRESSOR (Schmitz, et al.,
2005; Kim and Michaels, 2006; Kim, et al., 2006). The similar result is also obtained in
wheat with deletions or mutations in the monocot flowering repressor VRN2 (Distelfeld,
et al., 2009b). Besides the flowering repressor, modification of the flowering activator
VRN1 leads to the same phenotype. The wheat gene with a mutation in the VRN1
promoter or large deletions in its first intron could bypass vernalization requirement
(Zhang, et al., 2012; Chu, et al., 2011; Fu, et al., 2005). The same phenotype could also
be achieved through activating flower integrator. In Medicago, vernalization and the
following LD conditions induce FT ortholog FT1a. A gain-of-function mutant with high
levels of FT1a transcripts exhibits up-regulated SOC1 and FULb, resulting in early
flowering without vernalization requirement in LD (Jaudal, et al., 2013). In this study,
levels of the vernalization pathway genes were altered in miR396 TG creeping bentgrass,
suggesting that the elimination of vernalization is accomplished through regulating VRNs.
In SD-LD conditions, the flowering activator VRN1 remained elevated, while the
flowering repressor VRN2 remained repressed in TG plants. Based on the vernalization
pathway established in wheat and barley, we conclude that the repressed VRN2
expression is caused by high levels of VRN1. In comparison with WT controls, TG plants
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displayed significantly up-regulated VRN3 expression in LD when switched from SD
conditions. This might result from the repression of VRN2 expression, thereby promoting
flowering of TG plants bypassing vernalization requirement.
A MiRNA-mediated early flowering phenotype has been observed through regulating
flowering integrators, such as SOC1 and FT. For example, the Pooideae-specific miRNA,
miR5200 targets FT mRNA in Brachypodium (Wu, et al., 2013). Artificial interruption of
miR5200 in SD leads to early flowering (Wu, et al., 2013). In the biennial-to-perennial
plant C. flexuosa, the miR156-SPLs-miR172-AP2 module regulates SOC1 to control
flowering time (Zhou, et al., 2013). Wild-type C. flexuosa does not respond to
vernalization until plants are 5-week-old. Artificial interruption of miR156 or
overexpression of miR172 results in an early response to cold or even the elimination of
the vernalization requirement. In this study, we speculate that miR396 may be critical for
the elimination of vernalization through regulating vernalization pathway in creeping
bentgrass, although the mechanisms behind this remain unknown. Stem-loop RT-qPCR
analysis shows that miR396 in WT plants was induced in LD and prolonged cold
conditions. Thus, it is hypothesized that prolonged cold leads to the up-regulation of
miR396, which then turns unvernalized plants to the vernalized state through modulating
its direct target(s) or other unknown regulatory element(s), and then LD induces floral
homeotic genes in the “ABC” model to specify floral organs. High levels of miR396 in
TG plants result in the “vernalized state” without cold treatment, thereby flowering after
LD induction. Since miR396 is a conserved miRNA existing in both monocot and dicot
species, we also investigated whether miR396-mediated elimination of vernalization
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requirement can be applied to dicot perennial species. Transgenic C. flexuosa
overexpressing miR396 did not flower without vernalization treatment (Figure A-8). The
result indicates that the conserved miRNA also has species-specific functions. Given the
fact that monocot and dicot species establish their vernalization requirement by recruiting
different genes, it is not surprising that miR396 is not involved in vernalization pathways
of this dicot species. Further analysis in perennial monocot species would reveal whether
the role of miR396 in flowering time control is conserved.
Histone modifications and VRN1
In winter wheat and barley, initiation of reproductive development is mediated by
stable induction of VRN1 (Diallo, et al., 2012; Oliver, et al., 2009). A previous study
indicates that vernalization results in the changes of VRN1 chromatin state, which
includes the increased levels of active marks H3K4me3 and decreased levels of silent
marks H3K27me3 (Oliver, et al., 2009). In this study, elevated levels of AsVRN1
prompted us to examine the transcript levels of H3K4 and H3K27 methyltransferases in
TG vs. WT plants. Quantitative RT-PCR analysis shows that H3K27 methyltransferase
gene AsEZ1a is repressed in transgenic lines, which might release the repression on
AsVRN1 chromatin. Interestingly, levels of two H3K4 methyltransferase genes AsATX2
and AsTrx1 are down- and up-regulated in three transgenic lines compared to WT
controls. Thus, the hypothesis that AsVRN1 in TG plants is induced through the elevated
active marks of H3K4 methyltransferases cannot be confirmed. It is likely that the
chromatin state of other genes is also affected in miR396 TG plants. Therefore, the
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validated conclusion cannot be made through analyzing the transcript levels of H3K4 and
H3K27 methyltransferase genes. Direct analysis on the relative abundance of H3K4me3
and H3K27me3 would demonstrate the histone modification state of AsVRN1.
Unfortunately, due to the unavailable genomic information in creeping bentgrass, ChIPseq analysis for examining the relative abundance of histone modifications is difficult to
conduct.
Histone modifications in response to vernalization have been well studied in
Arabidopsis. Vernalization leads to the stable repression of AtFLC through an increase in
silent marks of H3K27me2, H3K27me3, H3K9me2, and H4 arginine 3 dimethylation,
and a decrease in active marks of H3K4me2, H3K4me3, and histone acetylation on FLC
chromatin (Bastow, et al., 2004; Jean Finnegan, et al., 2005; Finnegan and Dennis, 2007;
Schmitz, et al., 2008). Among DEGs in TG vs. WT of this study, histone modificationrelated GO terms were significantly enriched, such as histone acetylation, histone H3K9
methylation regulation of gene expression, and histone arginine methylation. The result
suggests that in addition to H3K27 and H3K4 tri-methylation, creeping bentgrass
responding to vernalization might recruit other mechanism of histone modification as
what has been revealed in Arabidopsis.
Thus far, some evidence has shown that the miR396-GRF module might be involved
in histone modifications. A previous study indicates that target GRFs contain a conserved
QLQ (glutamine, leucine, and glutamine) motif, which is implicated in chromatin
remodeling in the SWI2/SNF2 protein genes of Saccharomyces cerevisiae (Treich, et al.,
1995). In addition, overexpression of the maize (Z. mays) GRF gene ZmGRF10 leads to
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the down-regulation of several genes encoding chromatin-modifying proteins (Wu, et al.,
2014). A GIF that forms a complex with GRF to regulate downstream transcription
activities binds to various chromatin remodeling proteins as well (Vercruyssen, et al.,
2014). A recent study indicates that a H3K9 demethylase gene OsJMJ706 involved in
floral organ development is regulated by the OsmiR396d-OsGRF6/OsGRF10 module in
rice (Liu, et al., 2014). It is plausible that miR396-GRF module is also involved in
vernalization pathway in creeping bentgrass or other cereals. Besides GRFs, SHORT
VEGETATIVE PHASE (SVP) has been identified as a target of miR396 in Arabidopsis
(Yang, et al., 2015). AtSVP is a MADS-box TF, which forms a complex with AtFLC to
repress the expression of AtFT and thereby controls flowering time. To control the proper
time for floral organ patterning, AtSVP also silences the chromatin of a floral
organogenesis-related gene SEPALLATA3 through modulating H3K27me3 (Liu, et al.,
2009a). Thus, it is likely that miR396-SVP module is also involved in histone
modification in cereals to control flowering time. Validation of SVP as a target of
miR396 and investigation of its role in histone modification in creeping bentgrass or
other cereals would provide evidence of miR396-mediated flowering time control.
In summary, this work shows that male sterility and plant response to vernalization
are dependent on the miR396c-GRF pathway or other miR396c-mediated mechanisms in
the perennial monocot species, creeping bentgrass. The male sterility trait may be of use
for the genetic hybridization in breeding. Elimination of the vernalization requirement for
flowering could provide benefits on expanding area for agriculture practice, avoiding
unfavorable environments, and accelerating breeding process.
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4.4 Materials and methods
Plant growth
Wild type (WT) and the regenerated transgenic (TG) creeping bentgrass plants were
clonally propagated and grown in plastic pots (15 × 10.5 cm, Dillen Products) filled with
commercial nutrient-rich soil (3-B Mix, Fafard). The plants were fertilized weekly with
0.2g/L 20:10:20 water-soluble fertilizer (Peat-Lite Special; The Scotts Company) and
were maintained in a growth room with SD light regime (14-h of light/ 10-h of dark).
Temperatures in the SD growth room were 25°C during the light period and 17°C during
the dark period with 350-450 ȝmol m-2 s-1 light intensity. The conditions for the LD
growth room were the same as the SD growth room, except that the light regime is 16-h
of light/8-h of dark. The vernalization treatment was performed in a cold room at 5 °C in
an 8-h-ligh/16-h-dark photoperiod. Plants were grown under fluorescent bulbs and the
light intensity was 100-150 ȝmol m-2 s-1 at plant level. WT and TG plants were
propagated at the same time and from the same number of tillers to make sure that they
were at the same developmental stage before LD induction and vernalization treatment.
We rotated plants every other day to minimize the difference of light intensities on plant
growth within each growth room.
Microscopic observations
Spikelets, floralets, anthers, and pollens of WT and TG plants were observed under a
stereo microscope (MEIJI EM-5 and MEIJI EMZ-5TR). Photographs were taken as
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described in Chapter II. Spikelets and florets of vernalized WT and TG plants at 6th and
8th week after LD induction were detached for observation (Figure 4.2g-j). WT and TG
anthers were detached and observed one-day before dehiscence (Figure 4.2k). To
compare WT and TG pollen viability (Figure 4.2m, n), pollen was taken out of WT and
TG anthers during the highest pollen viability rate of creeping bentgrass (9:00 AM) and
stained with 2% (m/v) potassium iodide for microscopic observation (Abràmoff, et al.,
2004b; Fei and Nelson, 2003).
Phylogenetic Analysis
The sequence alignments were performed by using the amino acid sequences of the
complete the proteins AsVRN1, AsVRN2, and AsVRN3 identified in this study and their
orthologs in rice, Arabidopsis, wheat, barley, and Brachypodium based on previous study
(Ream, et al., 2012; Higgins, et al., 2010). Phylogenetic trees were generated from the
aligned sequences by using the neighbor jointing method in MEGA 6 (Tamura, et al.,
2013). The confidence values for the nodes were derived from 1,000 bootstrap replicates.
The conserved domains of VRN1, VRN2, and VRN3 were aligned by using the BioEdit
sequence alignment editor (Hall, 1999).
Plant RNA isolation and expression analysis
Plant sample collection, RNA isolation, semi-quantitative RT-PCR, real-time RTPCR, stem-loop RT-PCR analyses were as described in Chapter III of this dissertation.
RNA-seq analysis
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The cDNA library preparation and Illumina sequencing protocol, differential
expression analysis, and GO enrichment analysis were as described previously in Chapter
III of this dissertation. GO categories containing less than or equal to five genes were
filtered out. The scatterplot of GO enrichment analysis in Figure 4.8 was generated by
RVIGO web server (http://revigo.irb.hr/; (Supek, et al., 2011).
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CHAPTER V - CONCLUSION AND FUTURE DIRECTIONS
Plant leaf morphology, tillering, floral organ development, flowering time control,
and abiotic stress tolerance are important agronomic traits for genetic modification to
improve crop production. I have investigated the feasibility of manipulating miRNAs for
trait modifications in a perennial monocot species, creeping bentgrass.
MiR528 is a conserved monocot-specific small RNA that is potentially involved in
multiple

environmental

stresses.

I

generated

transgenic

creeping

bentgrass

overexpressing Osa-miR528 and compared plant development and abiotic stress tolerance
between WT and TG plants. We are the first to demonstrate that miR528 regulates shoot
architecture. Transgenics display the desirable turf trait of the dwarf and dense phenotype
due to increased tiller number, reduced internodes and tiller length. We are also the first
to experimentally validate that miR528 enhances high salinity and N deficiency
tolerance. During high salinity exposure, TG plants show improved K+ retention, upregulated gene expression of the K+ transporter AsHAK5, and enhanced ROS scavenging
associated with increased CAT activity but decreased AAO activity. The improved N
deficiency tolerance results from enhanced ROS scavenging and NUE associated with
up-regulated gene expression and increased enzyme activity of nitrite reductase. In
addition, two putative miR528 targets, AsCBP1 and AsAAO have been identified in
creeping bentgrass. To investigate if the targets directly contribute to the enhanced stress
tolerance, I analyzed their expression profiles and found that both targets are induced
under salt and N deficiency conditions in WT leaves. Further molecular analysis shows
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that miR528 has cross talk with other abiotic stress-related small RNAs and transcription
factors in perennial grasses.
Our results demonstrate the importance of miR528 in plant development and its key
role as a multistress integrator regulating plant responses to high salinity and N
starvation, pointing to the potential of manipulating miR528 in improving plant abiotic
stress resistance. Thus far, the molecular mechanism of miR528-mediated plant
development remains unclear. Identifying more targets of miR528 will gain insight into
the central role of miR528 in the complex regulatory network. Additionally, the role of
miR528-AAO and miR528-CBP1 pathways have not been characterized individually. To
avoid pleiotropic phenotypes and to better manipulate miR528-target module for plant
improvement, it is critical to functionally characterize the targets of miR528.
Another conserved small RNA miR396 is also largely involved in plant development
and abiotic stress response. Thus far, miR396-mediated plant development and abiotic
stress response have not been studied in perennial grasses. In this study, I generated
transgenic creeping bentgrass overexpressing a rice miRNA, Osa-miR396c. During
vegetative growth, transgenics display altered development, including less shoot and root
biomass, shorter internodes, smaller leaf size, fewer leaf veins and epidermis cells than
those of WT controls. To analyze what causes the altered vegetative growth, we
identified four miR396 putative targets, AsGRF3-6, whose homologues are critical in
controlling cell proliferation. These four targets show repressed expression in TG plants,
contributing to the altered development during vegetative growth. In addition, RNA-seq
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analysis indicates that DEGs involved in cell division are significantly enriched and
down-regulated, which also leads to altered plant development. During high salinity
exposure, TG plants show enhanced salt tolerance associated with less accumulation of
Na+ in leaves than in that of the WT controls, which is possibly attributed to a Na+
exclusion mechanism. Further analysis of the expression levels of the Na+/H+ antiporter
AsSOS1 confirmed our hypothesis. To detect if miR396 targets are directly involved in
salt stress response, we analyze their expression patterns. Our data show that AsGRF3-6
genes are all induced under salt stress treatment, suggesting that miR396 might mediate
plant salt stress tolerance through regulating its targets. In addition, GO enrichment
analysis demonstrates that transcription factors, protein kinases, and antioxidant enzymes
are significantly enriched, which leads to salt stress tolerance and salt stress-induced
oxidative stress tolerance.
Our data establishes a molecular pathway to connect the upstream regulatory and
downstream functional stress-responsive elements, and gains insight into a miR396mediated regulatory network in plant abiotic stress response. Identification and
characterization of more GRFs and grass-specific targets of miR396 and downstream
targets of GRFs will provide a better understanding of the role of specific targets and the
regulatory network.
In addition to plant development during vegetative growth and abiotic stress response,
study on plant reproductive growth indicates that miR396 is also involved in floral organ
development and flowering time control. We are the first to explore that miR396 controls
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floral organ development and male viability in perennial grasses. TG plants display male
sterility, which includes the defects in filament elongation, anther dehiscence, and pollen
viability. Repressed expression of AsGRF3-6 in TG plants contributes to the altered floral
organ development. Genome-wide analysis shows that GO terms of ‘floral organ
formation’, ‘anther dehiscence’, ‘starch metabolic process’ etc. are significantly enriched,
which also leads to changes in floral organs. Interestingly, we found that miR396 TG
plants flower without a vernalization requirement. This is the first report about the
involvement of miR396 in flowering time control or vernalization pathway. We cloned
the key genes, AsVRN1-3 in the vernalization pathway and analyzed their expression
patterns under SD-LD and SD-cold-LD conditions. The differential expression levels of
AsVRN1 under SD conditions prompt us to hypothesize that miR396 indirectly activates
AsVRN1, and thus leading to the elimination of the vernalization requirement. Since
histone modifications activate VRN1 in wheat and barley, we analyzed the expression
levels of methyltransferase genes in WT and TG plants. We found that genes encoding
methyltransferases show different expression patterns in WT and TG plants. In addition,
histone modification-related GO terms are significantly enriched in DEGs of TG vs. WT
plants.
To our knowledge, this is the first report demonstrating the involvement of miR396 in
flowering time control. To validate if the activation of AsVRN1 under SD conditions in
miR396 TG plants results from the altered histone modification state, direct analysis on
the relative abundance of histone silent and active marks is required. Currently, due to the
unavailable genomic information of creeping bentgrass, the measurement of the relative
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abundance of histone modifications is difficult to conduct. The next step would be to
examine the impact of miR396 in controlling plant response to vernalization in other crop
species with available genomic information, such as wheat or barley. This would provide
information to better understand miR396-mediated flowering time control.
Collectively, my research reveals that various agronomic traits are impacted by small
RNAs in perennial grasses. I also examined and validated the feasibility of manipulating
miR528 and miR396 to genetically engineer plant for improved plant production.
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APPENDIX A- SUPPLEMENTARY FIGURES

Figure A-1 Development of WT and TG plants. A, Five-week-old WT and TG plants initiated from a
single tiller. B, Ten-week-old WT and TG plants initiated from a single tiller. C, Non-elongated tillers of
two-month-old WT and TG plants initiated from the same amount of tillers were grown in the same 6-inch
pot. Scale bar = 10 cm.
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Figure A-2 Biomass measurement in WT and TG plants. A, Shoot fresh weight and B, shoot dry weight of
WT and TG plants 10 weeks after initiation from a single tiller (n=4). C, Root fresh weight and D, root dry
weight of WT and TG plants 10 weeks after initiation from a single tiller (n=4). E, Fully developed WT and
TG plants grown in small cone-tainers were mowed weekly to the same height. Clippings fresh weight and
F, dry weight in WT and TG plants were measured every week (n=4). Data are presented as means, and
error bars represent ±SE. Asterisk (*) indicates a significant difference of shoot or root biomass between
WT and each transgenic line at P<0.05 by Student’s t-test.

Figure A-3 Antioxidant enzyme activity assay under normal and 200 mM NaCl conditions in WT and TG
plants. A, SOD, B, CAT, and C, AAO activity assays of WT and TG leaves before and after 200 mM NaCl
treatment. Data are presented as means (n=4), and error bars represent ±SE. Asterisks (*, ** or ***)
indicate significant differences of enzyme activity between WT and each transgenic line at P<0.05, 0.01 or
0.001 by Student’s t-test.
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Figure A-4 WT plants exhibit wilting leaf tips compared to three transgenic lines.

Figure A-5 Biomass accumulation of WT and Osa-miR528TG plants in response to different
concentrations of N solutions.
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Figure A-6 AAO activity measurement under normal and N deficiency conditions. Data are presented as
means (n=3), and error bars represent ±SE. Asterisks (**) indicate significant differences of AAO activity
between WT and each transgenic line at P<0.01 by Student’s t-test.

Figure A-7 Differential expression of genes in TG vs. WT plants. (a) MDS plot of WT and Osa-miR396c
TG RNA-seq samples with two biological replicates. (b) Volcano plot shows log2 FC of TG vs. WT data
sets at LD non-stressed conditions. (c) A table shows log2 FC values and corresponding number of genes.
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Figure A-8 Vernalized (+V) and non-vernalized (-V) transgenic C. flexuosa overexpressing miR396 under
2-week LD induction. Non-vernalized TG C. flexuosa plants were not flowering after LD induction for 15
weeks, while 5-week-old TG plants were flowering after 8-week cold treatment followed by 2-week LD
induction.
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